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Abstract 
Rice is the staple food for half of the world's population, especially those living 
in Asian countries. Meanwhile, the demand for rice in African region is growing 
rapidly in recent years. Unfortunately, as one of the cereal crops, rice is naturally 
deficient in some essential amino acids and the most limiting one is lysine. This causes 
detrimental protein - energy malnutrition afflicting people worldwide. Previous 
studies have showed that high-lysine cereal crops are promising to alleviate the 
problem of this nutritional disorder. Facilitated by the blooming of biotechnology, 
development of high-lysine maize, canola, soybean and Arabidopsis have been 
achieved. 
In this study, we aim at enhancing free lysine content in rice through 
manipulation of lysine biosynthetic and catabolic pathway. To bypass the feedback 
regulation in lysine biosynthetic pathway, the genes encoding E. coli feedback-
insensitive aspartate kinase (AK) and dihydrodipicolinate synthase (DHPS), under the 
control of seed-specific and constitutive promoters, were introduced into rice to 
increase the rate of lysine synthesis. Free lysine content in T2 seeds of transgenic lines 
harboring the gene encoding AK and DHPS driven by CaMV 35S promoters showed 
up to 70% increases compared with wild-type. 
As rate of lysine degradation is controlled by the LKR/SDH (lysine-
ketoglutaric acid reductase and saccharopine dehydrogenase) bifunctional enzymes in 
the lysine catabolic pathway, antisense-LO and RNAi-LKR constructs were designed 
and transformed into rice to down-regulate the rate of lysine catabolism. The rice 
endogenous LKR/SDH gene transcripts and proteins were significantly decreased in 
plants expressing RNAi-LO. Seeds of these plants exhibited 20-fold higher free 
lysine level than wild-type seeds. 
iv 
The combination of constitutive expression of feedback-insensitive AK, DHPS 
and seed-specific expression of RNAi-LKR further boosted the free lysine content to 
26-fold increase. The results indicate that lysine catabolism plays a major role in free 














冬氨酸激酸 I I I ( A K III)及二氫卩比淀翔酸合酶(DHPS)的基因導入水稻中，以提高 
游離賴氨酸的合成效率。在那些含有CaMV 3 5 S啓動子指導下的 A K和 D H P S 
轉基因植株中’其第二代成熟種子的游離賴氨酸的含量和野生型對照的相比最 
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Chapter 1. General Introduction 
Rice is a remarkably important cereal crop. It has been a primary contributor in 
improving the world's food security for the past three decades and is also the staple 
food for half of the world’s population now (Hossain, 2004). Unfortunately, rice is 
nutritionally problematic for consumption when human depends on it as the major 
protein source because of its natural deficiency in certain essential amino acids in 
seeds, with the most limiting one, lysine (Millward, 1999). Statistics showed that of 
the 800 millions people suffering from undernourishment currently, around 70 % live 
in Asia, like Indonesia, the Philippines and Indian, where rice is the major protein and 
energy source (Cantrell, 2004; Cohen, 2003; WHO/NHD, 200b). Rice with enhanced 
lysine level will be a promising approach to alleviate the scourge. 
In higher plants, lysine accumulation is affected by the rates of lysine synthesis 
and degradation. Lysine is synthesized together with another three essential amino 
acids, threonine, methionine and isoleucine in the aspartate family pathway under the 
stringent control of two lysine feedback-sensitive enzymes aspartate kinase (AK) and 
dihydrodipicolinate synthesis (DHPS) (Galili, 1995). In addition, lysine is efficiently 
degraded in the saccharopine pathway that was found in specific plant organs 
including the endosperm of cereal seeds (Azevedo and Lea, 2001). The first two 
enzymes catabolize lysine are lysine-ketoglutaric acid reductase (LKR, also known as 
lysine 2-oxoglutaric acid reductase, LOR) and saccharopine dehydrogenase (SDH), 
which may appear in a form of bifunctional polypeptide (Arruda et al” 2000). 
Consequently, the total concentration of free lysine is kept at a relatively low level 
during the seed formation. 
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Several strategies have been employed to elevate the lysine content in plants. 
Through plant breeding and selection program, a breakthrough was made to generate 
high-lysine opaque-2 maize mutants (Mertz et al,, 1964). Recent advances in genetic 
engineering, plant transformation and genome study represent another milestone in 
the research progress to produce high-lysine crops as it allows more precise 
manipulation of the lysine metabolic pathway. Transgenic plants expressing the 
lysine feedback-insensitive enzyme(s)，AK and/or DHPS, are capable of 
accumulating more lysine in some of the crop seeds. Drastic boost of free lysine was 
documented in tobacco (Shaul and Galili, 1993) canola (Falco et al.，1995), soybean 
(Falco et al” 1995)，maize (Falco et al” 2001) and Arabidopsis (Zhu et al, 2003). But 
when similar method was used in barley (BrichPedersen et al., 1996) and rice (Lee et 
al” 2001)，only slight increases in free lysine were detected in their mature seeds. 
More fruitful results were obtained when the degradation pathway was engineered 
together with the biosynthetic one. In the investigation of an Arabidopsis LKR/SDH 
knockout mutant, expressing a bacterial DHPS in seed-specific manner caused a 
synergistic ~80-fold elevation of free lysine (Zhu et al” 2003). The result was much 
better than those Arabidopsis plants having the bacterial DHPS or LKR/SDH knockout 
gene alone (only �12-fold or �5-fold higher free lysine). Comparable results were also 
found in maize that the combined effect of feedback-insensitive DHPS and LKR/SDH 
knockout resulted in 2 to 3-fold higher level of free lysine than the effect of DHPS 
alone (Falco et al.’ 2001). 
Research in the last 40 years revealed that AK and DHPS in the aspartate family 
pathway and LKR/SDH in the saccharopine pathway are the main regulatory enzymes 
controlling the accumulation of lysine in cereal seeds. Therefore, in this study, I 
designed several constructs and transformed them into rice (japonica 9983) to 
2 
manipulate the regulatory effects of the two pathways. The mutated E. coli lysC gene 
encoding a lysine feedback-insensitive AK enzyme and the wild-type E. coli dapA 
gene encoding a DHPS enzyme were expressed synchronously. The efficacy of lysC 
and dapA genes driven by a constitutive promoter and a seed-specific promoter were 
compared. Besides, the down-regulation of the LKR activity to prevent the 
degradation of lysine in rice seeds was achieved by introducing an antisense construct 
or an intron-containing RNAi (RNA interference) construct. The concerted effect of 
expressing AK, DHPS and LKR-RNAi was also studied. Free lysine is expected be 
enhanced significantly in rice seeds through the genetic manipulation of the lysine 
metabolic pathway. Also, the efficacy of regulating lysine metabolism to achieve 
enhanced lysine accumulation through the two biotechnological approaches can be 
revealed and compared in this research. 
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Chapter 2. Literature Review 
2.1 The importance of rice 
Since the Food and Agriculture Organization (FAO) of the United Nations 
innovatively designated 1966 as the International Rice Year, global efforts from 
wealthy and poor countries have successfully improved the production, marketing, 
milling and nutrition of rice to combat worldwide starvation. Launching the second 
International Year of Rice 2004 under the motto "Rice is Life”，FAO drew the 
worldwide attention to the importance of rice again. In 2002, 575 million tons of rice 
were produced in 113 countries. Statistics in 1999 showed that rice was the stable food 
for 56% of the world's population. Geographically, 92 % of rice is produced and 
consumed in Asian where 70% of the world’s 1.3 billion poor people inhabit in 
(Cantrell, 2004). While most Asian population has depended on rice system to fight 
against hunger and poverty since thirty years ago, Africans, including those living in 
Egypt, Morocco and Sudan, also gradually demand more of the food source from rice 
than other vegetative foods (Badawi, 2004). 
Not only was rice the primary contributor to improve food security of the poor in 
the past decades, but it will continue to be in the future. The world's population was 
predicted to increase from 6.13 billion in 2001 to 7.21 billion in 2015 and 8.27 billion 
in 2030. The demand of rice was projected to increase from the current 545 million 
tons to around 770 million tons by 2030 (Badawi, 2004, Cantrell, 2004). 
2.2 The prevalence of hunger and malnutrition 
In 1969, about 960 million people were under the ravage of malnutrition as a 
result of poverty. The figure was decreasing slowly to 800 million in 2004 (Cantrell, 
2004) but certainly will not disappear by 2030, with a projection of400 million people 
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still living under the threat of food insecurity (Cohen, 2003; WHO/NHD, 2000a). 
Among different forms of malnutrition, protein-energy malnutrition (PEM) is the 
most lethal one especially to infants and young children because of their high energy 
and protein needs and their vulnerability to infection. PEM accounts for almost half of 
the 10.4 million annual child deaths under the age of five. In 2000，WHO estimated 
that PEM affected every fourth child worldwide: 150 million (26.7%) were 
underweight while 182 million (32.5%) were stunted. Regional estimation showed 
that more than 70% PEM children lived in Asia, 26% in Africa and 4% in Latin 
America and Caribbean (WHO/NHD, 2000b). 
2.3 Limitation of essential amino acids in crop plants 
All animals need a complete set of 20 amino acids for protein synthesis to 
maintain proper body growth and development. Among these amino acids, human and 
monogastric animals cannot synthesize 10 of them including cysteine (Cys), 
isoleucine (lie), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), 
threonine (Thr), tryptophan (Try), valine (Val), and alanine (Ala, required at infant 
stage). They must ingest these 10 essential amino acids from their food source in 
correct relative amounts (Sun, 1999). People living in the developed countries acquire 
protein sources mainly from meat while those in developing areas rely largely on 
cereal crops (Millward, 1999). The total cereal food consumption during 1992-94 was 
dominated by wheat (43%), rice (39%) and maize (12%) (Rosegrant, 1999). 
In 1994, Young and Pellet reported that plant protein sources constitute 65% of 
edible protein in the world, with 47% from cereal grains. The statistics lead 
researchers to believe that prevailing problem of PEM in developing countries is 
caused by the poor protein quality of their staple food, cereal crops, which lack correct 
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relative amounts of essential amino acids to meet human body needs. 
Table 1. The essential amino acid composition of cereal grains or 
flours compared with WHO recommendation values 
Amino acids Wheat^ Maize® Rice'' Barley^ WHO J recommendation 
Cysteine 2.26 3.13 2.2 2.86 3.5^ 
Methionine 1.34 2.04 2.2 1.70 -
Lysine 1.98 3.25 4.0 3.08 5.5 
Isoleucine 3.61 3.62 4.7 3.64 4.5 
Leucine 6.74 11.64 8.5 7.16 7.0 
Phenylalanine 5.07 4.88 5.4 5.48 6.0® 
Tyrosine 2.60 2.34 4.9 2.72 -
Threonine 2.74 3.93 3.8 3.27 4.0 
Tryptophan 1.12 0.94 1.2 1.99 1.0 
Valine 3.68 4.89 7.0 4.58 5.0 
Ncontent(%)of ^.39 1.34 1.46 1.49 
sample 
'Results are for flour samples, which are derived predominantly from the endosperm, expressed as 
g/100 g recovered amino acids. Cysteine and methionine were determined after performic oxidation. 
Results from dehulled grain 32days after flowering expressed as g/16 g N. Cysteine was determined as 
cysteic acid. 
VlOOg protein. 
Value for cysteine and methionine together. 
®Value for phenylalanine and tyrosine together. 
(Adapted from Galili and Larkins, 1999) 
Table 1 (adapted from Galili and Larkins, 1999) shows that all the four cereal 
crops are nutritionally imbalanced for human consumption according to WHO 
recommendation. They are deficient in two essential amino acids, Lys and Thr, with 
Lys being the most limiting one. 
The relation between PEM and Lys deficiency in food was manifested by 
Harpstea's report in 1971. He found that a diet based solely on the high-lysine 
opaque-2 maize flour cured children who suffered from kwashiorkor (severe protein 
malnutrition). As a result, many researchers were convinced that producing 
high-lysine cereals, certainly including rice, in developing area is a feasible way to 
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alleviate the affliction of malnutrition (Galili et al” 2002b). 
2.4 Lysine biosynthesis and catabolism 
Lys is synthesized through the complex aspartate family pathway, in which three 
other essential amino acids, Thr, Met and lie are formed together in different branches 
of the pathway. Extensive biochemical and molecular studies of the pathway has 
shown that many branch-point enzymes are involved in controlling the rate of these 
four amino acids production and Lys is the most stringently regulated in crop plants. In 
addition to this specific synthetic control, recent research has discovered that Lys is 
also subjected to a powerful degradation pathway, the saccharopine pathway. Research 
progress on enhancing Lys content in crops was very slow in the past four decades 
before this physiological mechanism was revealed. 
2.5 Lysine biosynthetic pathway 
2.5.1 The biosynthesis of aspartate 
Aspartate (Asp), the entry point of the aspartate family pathway, is an 
indispensable intermediate in nitrogen assimilation of plants. Higher plants assimilate 
at least 95% nitrogen source into an organic form through the incorporation of 
ammonia into glutamine (Gin) and then to glutamate (Glu) (Lea and Ireland, 1999) by 
the action of glutamine synthetase (GS) and glutamate synthase (GOGAT, previously 
know as glutamine 2-oxoglutarate aminotransferase) through the glutamate synthase 
cycle (Figure 1). 
GS catalyzes the ATP-dependent conversion of Glu to Gin utilizing ammonia as 
substrate: 
Glutamate+ NH3+ATP • Glutamine + H2O + ADP + Pi 
GOGAT catalyzes the reductant-dependent conversion of Gin and 2-oxoglutarate 
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to two molecules of Glu: 
Glutamine + 2-oxoglutarate + 2H • 2glutamate 
r^itragen nutrition Nucleotides Synthesis o f N 
tranport 
NO3" N2 ( 广 Asparagine compounds 
^ ^ NH 4 + 
Glutamate ^ Glutamine Glutamate ^ ^ y ^ G O G ^ synthase cycle 
Amino acids ^ ^ ^ ^ < f 
Glutamate 2-Oxoglutarate 
i \ Transferor 
PrntPinQ A I < » � \ amino N to 
Proteins Oxaloacetate Aspartate \ other amino \ acids 
Protein synthesis and breakdown ^ 
Carbon metabolism 
Figure 1. The pathway of ammonia assimilation of in higher plants 
The enzymes involve in the reaction: glutamine synthetase (GS), glutamate 
synthase (GOGAT), asparagine synthetase (AS), and Asp aminotransferase (AAT) 
(Modified from Ferreira et al, 2005). 
After the incorporation of ammonia into Glu, nitrogen is redistributed mainly to 
Asp and Ala by the actions of aspartate aminotransferase and alanine aminotransferase, 
respectively (Lee and Ireland, 1999). Glu, Asp and Ala then become the nitrogen 
source for other amino acids (Figure 2). 
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X N O 3 ~ — • N O 2 ~ — • NH3 <—N2 
/ I _ _ I / ^ [ S E R I N E I / Z GLUTAMIN^ … 
Z N H 3 � 17 ASPARAGINE ^ I GLUTAMATE I • [GLYCINE 
� N H 3 " Z 
^ transamination 
I A S P A R T A T E ] 一 [ A L A N I N E I 
aspartate family pathway 
Figure 2. Primary routes of nitrogen flow in amino acid synthesis 
(Modified from Lea and Ireland, 1999) 
2.5.2 The aspartate family pathway 
Asp is the common precursor of two main pathways leading to the formation of 
five amino acids. Asp is converted to asparagine (Asn) when an amino group from Gin 
is transferred to Asp by asparagine synthetase. Asn is an important amino acid for 
nitrogen transportation and storage in plants. The catabolism of Asn is carried out by 
asparaginase which catalyzes the hydrolysis of Asn to form Asp (Figure 3) and 
liberates ammonia for subsequent reassimilation by glutamate synthase cycle (Figure 
2). 
The remaining high nutritional value amino acids, Lys, Thr, lie and Met are 
subjected to complicated biosynthetic steps in the aspartate family pathway as shown 
in Figure 3. The process is initiated by AK, phosphorylating Asp to form p-aspartyl 
phosphate. Next, it is the conversion of p-aspartyl phosphate to p-aspartyl 
semialdehyde (ASA) via the action of aspartate-semialdehyde dehydrogenase, at 
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which point the pathway is separated into two branches. One of the branches leads to 
the biosynthesis of Lys and the other one is further divided into two sub-branches, 
separating the biosynthesis ofThr and lie from Met. 
ASPARAGINE 
G L U T A M A T E ] 4 
V asparaginase 
t ^ os/wrag/w synthetase 
dihydrodipicolinate | ASPARTATE 
synthase (DHPS), ： 
，^  1 •_ aspartate kinase (AKI-HSDHI/AKII/AKIII) Mr ： 
23-dlhydrodlplcoIlnate^ J j p_asparty丨 phosphate j 
dihydrodipicolinate i X j i 
reductase ， ^ ： JS. aspartate-semialdehyde dehydrogenase ： 
pipcridlnc-2^icarboxylatc ： ： ^.aspartyl semialdehyde (ASA) \ 
piperidine ： ： ： 
dicarboxylase acylase ： ： homoserine dehydrogenase(R)(AKI-HSDHI) ： Y ： ： Y 
N-acyl-2-amino-6-oxopimelatc I ： homoserine •••_••••• < I ： ••••• I ： 
acyldiaminopimelaie | ： ： ： 
aminotran^erase ： i homoserine kinase + ： ： ： ^ . T . . cysthanthionine-y-synthase . . ： N-acyl-2,6-diaiitinopiine]ate ： ： O-phosphohomoserine • cysthanthionine ： 
acyldiaminopimelaie ： ： threonine synthase cysthanthionine- \ 
deacylase，， i j j 效 fi4yase j 
L,L.2^ laminopimcIate 1 •^•…I THREONINE | • � i I ： • � homocysteine ： 
diaminopimelate \ ^ threonine dehydratase * ： 
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Figure 3. The aspartate metabolic pathway of higher plants 
Regulatory points are indicated as (••••• ) for feedback inhibition or repression and 
( )for enzyme activation (Modified from Azevedo, 2002). 
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Converting ASA to 2,3-dihydrodipicolinate, the enzyme DHPS triggers the first 
step of a series of seven enzymatic reactions that are unique to Lys synthesis. Besides, 
ASA can be reduced to homoserine by the enzyme homoserine dehydrogenase 
(HSDH). Homoserine kinase then phosphorylates homoserine and produces 
O-phosphohomoserine, which may enter one sub-branch of the pathway for forming 
Thr by the enzymes threonine synthase (TS) or the other sub-branch for producing 
cysthathionine by the enzymes cysthanthionine-y-synthase. He is yielded from Thr 
after five enzymatic reactions while Met is synthesized from cysthathionine by two 
more enzymatic reactions. Met is used as a substrate to synthesize 
S-adenosylmethionine (SAM), a major methyl donor in plants, by methionine 
adenosyltransferase. 
Research in the last three decades discovered that AK, HSDH, DHPS and TS are 
the key enzymes controlling the rate of Lys and Thr synthesis in the Asp biosynthetic 
pathway. Besides, many of the enzymes involved in Lys and Thy synthesis were 
localized to chloroplasts or plastids as chloroplast transit peptides were found when 
researchers analyzed the DNA sequences of the enzymes. However, the enzymes 
involved in methionine and SAM biosynthesis are localized to cytosol (Azevedo etal” 
1997). 
2.5.2.1 Aspartate kinase (AK) 
AK, the first enzyme in the common pathway for Lys, Thr, lie and Met, 
catalyzes the conversion of Asp to p-aspartyl phosphate, using ATP in the presence of 
Mg2+. Plant AK has been studied for more than four decades, covering a wide range of 
economically important crops. Distinct isoenzymes were detected and shown to be 
feedback-inhibited by Lys alone, Thr alone or synergistically by Lys and (SAM) 
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(Rognes et al.’ 1980; Azevedo et al., 1997). More recent characterization of AK at 
molecular and biochemical levels have been accomplished in several species including 
Arabidopsis (Frankard et al” 1997), barley (Lea et al” 1992), carrot (Relton et al., 
1988; Wilson et al” 1991)，coix (Lugli et al., 2002), maize (Dotson et al.’ 1990; 
Azevedo et al” 1992; Muehlbauer et al” 1994), rice (Teixeira et al.’ 1998; Lugli et al.’ 
2000) and sorghum (Ferreira, et al” 2004). Studies in barley, maize and Arabidopsis 
(Azevedo et al., 1997，Frankard et a/. 1997, Tang et al.’ 1997) indicate that there are at 
least three isoenzymes in these plants because the lysine-sensitive AK appears in two 
distinct forms and the remaining one is threonine-sensitive. The threonine-sensitive 
AK is a biflmctional enzyme possessing both the AK and HSDH activities. Initial 
evidence was shown by Wilson et al. (1991) in carrot cell culture and it was further 
supported by Weisemann and Matthews (1993) who cloned and sequenced a carrot 
cDNA encoding AK-HSDH. The results from carrot have facilitated later studies of 
AK. 
In general, higher plants contain at least two AK isoenzymes, with the 
lysine-sensitive AK contributing 60-80% of the total AK activity and the 
threonine-sensitive AK accounting for 10-20% activities. An exceptional case is coix 
in which 55-70% of total AK activity is carried out by threonine-sensitive isoenzymes. 
The molecular size of the isoenzymes varies among plant species from 104 to 250 kDa 
for AK and from 70-190 kDa for HSDH (Azevedo et al” 1997; Azevedo and Lea, 
2001; Azevedo, 2002). In the study of rice, Teixeira (1998) is the first scientist who 
purified two AK isoenzymes and showed sizes of 167 kDa and 186 kDa for 
lysine-sensitive AK and threonine-sensitive AK, respectively. No further data have 
been obtained about the relative contribution of each AK isoenzyme to the total 
activity in developing rice seeds. 
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In E. coli, the three isofunctional AKs have been well studied long before those 
of the plants. AKI and AKII encoded by the thrA and metL genes, respectively, are 
bifunctional enzymes insensitive to Lys. AKI is sensitive to Thr and its synthesis is 
repressed by Thr and lie whereas AKII has not been shown to be inhibited by any 
amino acid or intermediate in the aspartate family pathway. But AKII production in E. 
coli is controlled by the concentration of Met (Cohen and Saint-Girons, 1987). AKIII, 
a product of the lysC gene, is a monofunctional protein sensitive to Lys. Its cDNA 
sequence encoding 449 amino acid residues was determined by Cassan (1986). The 
sensitivity of E. coli AKIII, having an I0.5 (a concentration of inhibitor for 50% 
inhibition of enzymes) of 0.2mM，is similar to its plant counterparts, having an I0.5 
between 0.1 to 0.7 mM (Galili, 1995). In 1992, Shaul and Galili successfully isolated a 
mutant allele of lysC gene encoding the feedback-insensitive AK from E. coli TOC 
R21 strain and transformed it into tobacco to enhance AK total activity. Since then, 
this molecular biological approach has been extensively used to increase the limiting 
content of essential amino acids in higher plants. 
2.5.2.2 Dihydrodipicolinate synthase (DHPS) 
DHPS is the first enzyme in the Lys branch biosynthetic pathway, catalyzing the 
condensation of aspartate semialdehyde and pyruvate to form dihydrodipicolinic acid. 
Previous studies and characterization of DHPS in plants, including wheat, maize, 
spinach, pea, tobacco and Arabidopsis，have been summarized in several review 
articles (Azevedo et al” 1997; Matthews, 1999; Azevedo and Lea, 2001). All the 
evidence obtained so far suggests that DHPS is the major enzyme controlling the rate 
of Lys synthesis. 
The molecular mass of DHPS identified in plants ranges from 115 to 167 kDa. 
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Unlike the AK and the HSDH, no distinct DHPS isoenzymes have been detected in 
plants. However, Kaneko et al (1990) showed that in wheat, a single 123 kDa DHPS 
eluted from gel filtration chromatography can be separated into four polypeptides of 
sizes between 32 to 35 kDa. Two cDNA clones encoding two DHPS subunits were 
also first isolated from wheat. Their corresponding amino acid sequences exhibit 94% 
homology with deduced protein sizes of 35.79 and 35. 76 kDa. These two sequences 
also bear 86-88% homology to maize DHPS cDNA clone encoding a 38.5 kDa protein 
(Matthews, 1999). Analyzing the cDNA clones encoding DHPS from soybean, poplar 
and Arabidopsis, researchers unexpectedly found that DHPS sequence identity 
between monocot and dicot proteins is only up to 74% (Azevedo and Lea, 2001). 
Functional expression of mutated tobacco, soybean and maize DHPS genes in E. 
coli auxotroph producing lysine-desensitized DHPS has been fruitful, which enabled 
the study of the effects of sequence alternation on DHPS sensitivity. Specific amino 
acid substitution of DHPS protein conveying resistance to Lys inhibition appears at the 
conserved region of ten amino acids which define the binding domain for Lys (Figure 
4). In tobacco {Nicotiana sydvestris)’ the desensitized DHPS is caused by a substitution 
of lie to Asn. In maize, Lys feedback-insensitive DHPS enzymes contain amino acid 
substitutions at positions 157, 162 or 166 while in soybean, similar results mimicking 
that of the tobacco and maize have also been achieved (Figure 4) (Matthews, 1999). 
DHPS encoding by the dapA gene in E. coli is explicitly less sensitive to Lys 
when compared with that of the plants. Lys strongly inhibits plant DHPS with an I0.5 of 
10-50 jiM whereas E. coli DHPS can be regarded as Lys feedback-insensitive as the 
I0.5 of Lys is 1000 |iM. No mutated dapA genes in E. coli have been discovered even 
using very strong selection agents, so any physiological role of DHPS inhibition by 
Lys in E. coli is questionable. In fact, in E. coli AKIII (I0.5 = 0.2 mM) is considered to 
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be more important in the regulation of Lys synthesis than is DHPS (Galili, 1995). 
E, coli T G A N A T A E A I S L T Q 
N, sylvestris T G S I S T R E A T H A T E Q G 
N 





Soybean wt T G S N S T R E A I H A T E 
DST I 
DSM V 
DSTM I V 
Figure 4. Ten amino acids define the binding domain for lysine 
Alternation in N. sylvestris and maize wild-type DHPS DNA sequences 
has yielded DHPS with decreased sensitivity to lysine. For soybean, 
mutants to mimicking that of maize (DMS), tobacco (DST) and both 
(DSTM) have been obtained (Modified from Mathews, 1999). The 
lO-amino acid Lys binding domain is in bold. 
This dapA gene in E. coli has been used to transform several plants, resulting in 
higher level of free Lys accumulation in leaves and seeds of some of the transgenic 
lines (see section 2.8 for discussion). 
2.5.2.3 Threonine Synthase (TS) and other enzymes 
Plants differ from bacteria and fungi in the branching point leading to the 
synthesis of Thr and Met. Homoserine is the last common intermediate in bacteria and 
fungi while for plant, the intermediate is 0-phosphohomoserine. Controlling the 
conversion of O-phosphohomoserine to Thr, TS is significantly activated even at a low 
concentration of SAM, a product synthesized directly from methionine, and inhibited 
by cysteine (Matthews, 1999). TS affects slightly the Thr and Lys synthesis, so it 
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possibly plays a more important role in regulating the methionine synthesis through 
the cooperation of SAM (Azevedo et al., 1997). This assumption was supported by the 
recent studies that inhibition of the TS activity through an antisense approach resulted 
in huge overproduction of free Met in both Arabidopsis and potato (Bartlem et al.’ 
2000; Zeh era/., 2001). 
Met synthesis involves the reactions of cystathionine y-synthase (CS), 
cystathionine 6-lyase and methionine synthase. CS has been found to be the main 
regulatory point for Met synthesis, as its expression is suppressed by high 
concentration of Met and enhanced by the presence of Thr and Lys (Ravanel et al.’ 
1998). 
2.6 The lysine catabolic pathway 
In contrast to Lys biosynthetic pathway, the Lys catabolic pathway in plants has 
received more attention only in recent years. Lys catabolism is mainly carried out in 
cytosol in plant cells through the saccharopine pathway (Amida 2000)，which is also 
known as a-aminoadipic acid pathway (Galili, 2001a). The initial study was 
performed in 1970 by Sodek and Wilson who injected radioactive '"^C-lysine to 
opaque-2 maize kernels and found that most of the isotope was incorporated to Glu 
and a-aminoadipic acid in the endosperm. Similar results were also obtained in Barley 
(Brandt et al” 1975). These observations were further confirmed by the discovery of 
LKR activity in maize developing endosperm by Arruda et al (1982). They also found 
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Figure 5. The pathway of lysine degradation in plants 
The enzymes indicated are: (1) lysine-ketoglutaric acid reductase (LKR); (2) saccharopine 
dehydrogenase (SDH); (3) aminoadipic acid semialdehyde dehydrogenase; (4) aminoadipic acid 
aminotransferase (AAA); (5) general a-amino acid transaminase. LKR- SDH and AAA activities 
incorporate lysine nitrogen atoms (blue) into two molecules of glutamic acid. Lysine and 
a-ketoglutaric acid carbon atoms are green and red, respectively. Lysine carbon atoms are converted 
to two carbon dioxide and two acetyl-CoA molecules. These carbon atoms might eventually be 
incorporated into glutamic acid by other metabolic pathways. Abbreviations: a-kA, a-ketoacid; 
a-AA, a-aminoacid (Modified from Arruda et al. , 2000). 
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protein synthesis, was two to three-fold higher than what would be needed, yet 
accumulation of soluble form of Lys cannot be observed. Such low level of Lys 
probably could avoid inhibition of AK activity and consequently Met synthesis. These 
results suggest that Lys catabolism plays an important role in controlling free Lys 
concentration. 
Lys catabolism is started by two consecutive enzymes, LKR and SDH, which 
exhibit as a biflmctional protein with two separate domains. LKR condenses Lys and 
a-ketoglutaric acid to form saccharopine that is then hydrolyzed to 
a-aininoadipate-8-semialdehyde and Glu (Figure 5). These two steps bear an unusual 
transamination reaction where 8-amino group of the Lys is transferred to 
a-ketoglutaric acid, forming the first Glu molecule. A second Glu is produced by the 
action of a-aminoadipic acid aminotransferase transferring the a-amino group from 
a-aminoadipic acid to another a-ketoglutaric acid. The remaining carbon atoms are 
then converted to acetyl-CoA, transferred to the citric acid cycle and eventually used 
to generate another Glu molecule. Thus, the whole Lys molecule is directed through 
the saccharopine pathway to the production of Glu (Arruda et al” 2000). Despite many 
enzymatic steps in Lys degradation, LKR and SDH are apparently the enzymes 
controlling the rate of Lys molecule flowing through the pathway. 
2.6.1 LKR-SDH proteins, mRNAs and genes 
The LKR/SDH bifunctional enzyme in plants is quite different from that in 
animals and fungi. The two enzymes have been well-characterized in mammals and 
shown to be a part of one single bifunctional polypeptide. In human, the enzyme is a 
tetramer of460 kDa containing llSkDa subunits (Fomazier, 2003). On the contrary, in 
fungi and yeast, LKR and SDH are monofunctional enzymes encoded by two distinct 
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genes and their sizes are 49 kDa and 73 kDa, respectively. Recent studies on plants 
have revealed that both monofiinctional and bifunctional LKR/SDH are present in 
some species and there are some variations in their molecular mass which has been 
determined by SDS-PAGE, native PAGE or gel filtration. The protein sizes range from 
monomeric SDH protein of 53 kDa in Arabidopsis to multimeric LKR/SDH of 396 
kDa in rice and Table 2 shows the summary of the protein purification results. 
Table 2. Sizes of LKR/SDH proteins purified from plants 
Bifunc t iona l : LKR-SDH 
Monofunctional: LKR or SDH 
� 1 肌t � Enzyme detected Size References (organs/tissues) 
Arabidopsis LKR-SDH 117 kDa (cDNA prediction) Tang e/a/.，1997 
(floral organs and SDH 53 kDa 
vegetative tissue) 
Coix LKR-SDH Not mentioned Lugi et al, 2002 
(seeds) 
Maize LKR-SDH 125 kDa (denatured) Goncalves-Butniille et 
(endosperm) 260 kDa (native) al.’ 1996; Kemper et 
al.’ 1999 
LKR-SDH 140 kDa (denatured) Brochetto-Braa et al.， 
1992 
Phaseolus vulgaris LKR-SDH 190 kDa (native) Lima et al, 2003 
(hypocotyls) SDH 91-94 kDa (native) 
Rice LKR-SDH 396 kDa (native) Gaziola et al, 1997 
(seeds) LKR-SDH 203 kDa (native) 
LKR-SDH 202 kDa (native) 
Sorghum LKR-SDH 270 kDa (native) Fomazier et al, 2005 
(seeds) 205 kDa (native) 
157 kDa (native) 
Soybean LKR-SDH 123 kDa (denatured) Miron et al, 2000 
(seeds) LKR-SDH 256 kDa (native) 
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It is worth to note that LKR/SDH activity could only be detected in immature seeds of 
cereal crops including miaze, rice, coix and sorghum as shown in the table. Such tissue 
specificity does not appear in legume crops like Phaseolus vulgaris (Lima et al.，2003), 
as LKR/SDH activities were also detected in roots, pods, leaves, cotyledons, and 
hypocotyls. 
Enzyme characterization of LKR/SDH uncovered that the two enzymes exhibit 
optimum activity at different pH values, with pH 7.0-7.5 and pH 8.5-9.0 for LKR and 
SDH, respectively (Goncalves-Butruille et al” 1996; Gaziola et al” 1997; Miron et al., 
2000; Fomazier, 2005). As LKR/SDH is localized in the cytosol with neutral pH, 
enzymatic reaction catalyzed by SDH is relatively slower than by LKR. Extra SDH 
units are thus needed to be synthesized for maintaining the efficient flux of Lys 
catabolism in vivo. This may be a reasonable explanation for the existence of an 
additional monofunctional SDH in Arabidopsis (Tang et al.’ 2000) and canola (Galili 
et al.’ 2001b). Sequence analysis revealed that monofunctional SDH in Arabidopsis is 
transcribed using the coding region of the LKR/SDH as an internal promoter, 
rendering an autonomous expression pattern for the SDH enzyme. 
Afterwards, monofunctional LKR was also discovered in Arabidopsis (Galili, 
2002) and cotton (Tang et al” 2002) through mRNA detection and cDNA clones 
identification. Some important results were obtained from cotton boll abscission zone, 
where two LKR mRNAs were identified. They are probably transcribed from the 
LKRISDH gQTiQ, using two weak polyadenylation sites located within an intron. These 
mRNAs can bring about a novel monofunctional LKR. Tang et al (2002) provided 
evidence that plants LKR/SDH locus is a composite locus and can encode three related 
but distinct enzymes of Lys catabolism. Nevertheless, such cases may not be true in 
maize (Brochetto-Braga et al,’ 1992; Kamper et al” 1999) and soybean (Miron et al” 
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2000) because the detection for the monoflmctional LKR or SDH by western blotting 
in these plants showed negative results. 
2.6.2 Regulation of lysine catabolic pathway 
2.6.2.1 Regulation at biochemical level 
Recent studies in plants have demonstrated that Lys may regulate its own 
degradation via the cooperation with LKR/SDH protein, which is modulated by an 
intracellular signaling cascade involving Ca^ "^ , protein phosphorylation and 
dephosphorylation, and ionic strength. Working with tobacco seeds, Karchi et al. 
(1995) observed that exogenous addition of Lys stimulates LKR activity and this 
stimulation is effectively diminished when the seeds are treated with the Ca^ "^  chelator 
EGTA, whose action can be overcome by addition of Ca^ .^ Similar to the findings in 
tobacco seeds, LKR activity of the bifunctional enzymes purified from rice seeds and 
maize endosperm is modulated by Ca^ "^  and EGTA, whereas the SDH activity is 
affected by neither chemicals (Gaziola et al” 2000; Kamper et al.’ 1998). Besides, the 
Ca2+-dependent LKR activity in maize is almost completely inhibited by two 
structurally different calmodulin antagonists, W7 and calmidazolium (Kamper et al.， 
1998). Kamper (1998) also provided evidence that Ca^ "^  affects oligomerization status 
of LKR/SDH with activated LKR appearing to be homodimers formed by two 
LKR-limit polypeptides, but it does not affect the SDH domain. His suggestion is 
illustrated by a hypothesis proposed by Amida (Figure 6A). 
Moreover, Kamper et al (1998) and Gaziola et al (2000) showed that LKR 
activity is affected by ionic strength while SDH activity remains unaltered in both 
maize and rice enzymes. In maize, organic solvents at concentrations that decrease the 
water activity increase LKR activity (Kamper et al.’ 1998) 
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In tobacco and soybean, LKR/SDH activities can also be adjusted by direct 
phosphorylation of the biflinctional polypeptides without affecting the SDH activity. 
The phosphorylation of LKR/SDH in the presence of casein kinase II and 
dephosphorylation with alkaline phosphatase suggest LKR is a phospho-protien, 
whose activity is enhanced after phosphorylation (Karchi et al.’ 1995; Miron et al” 
1997). Kamper et al (1999) observed similar regulation for LKR activity in maize. 
When tested with AEC (S-2-aininoethylcysteine, an analogue of Lys), the 
behavior of LKR/SDH bifunctional protein from rice is not the same as that from 
maize. LKR/SDH from rice can use AEC as a substrate, in a less effective manner 
when compared to Lys, and its LKR activity is inhibited by AEC (Gaziola et al.，2000). 
But LKR/SDH from maize cannot use AEC as substrate (Brochetto-Braga et al” 
1992). 
As discussed previously, SAM works synergistically with Lys to inhibit 
lysine-sensitive AK isoenzymes, and it independently activates TS. However, SAM 
was found not to affect LKR/SDH activities in rice, indicating that it does not play a 
role in Lys catabolism (Gaziola et al.’ 2000). 
2.6.2.2 Regulation through linkage between LKR and SDH 
Enzymatic studies have suggested that in the bifunctional LKR/SDH enzyme, 
the SDH domain actively interacts with the LKR domain to down-regulate LKR 
activity. Kemper et al. (1998) dissected the maize LKR/SDH by limited proteolysis 
and partially purified monofiinctional LKR and SDH polypeptides. Peptides derived 
from the SDH domain or the interdomain inhibit activity of the LKR domain in vitro. 
The LKR domain retains its Ca^ "^  activation property, but it is no longer activated by 
high salt concentration. Similar results were also obtained from a monofiinctional 
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LKR of Arabidopsis (Zhu et al.’ 2002). The mono functional LKR peptides were 
synthesized by expressing a recombinant monofunctional LKR gene in yeast cells. Its 
activity is similar to that of full-length LKR/SDH in the high-NaCl buffer and not 
affected by peptides from the interdomain region. Besides, the recombinant LKR/SDH 
enzyme lacking the linker region between the LKR and SDH domains possesses 
similar activity to that of the monofunctional LKR. A model illustrating these 
experimental results is shown in Figure 6B (Galili, 2001a). Zhu et al. (2002) also 
showed that there was no specific affinity between the LKR and SDH domains and 
their interaction was mediated by the linker region. 
Until now, there has been two different hypotheses proposed by Arruda et al 
(2000) and Galili et al. (2001a), considering the effects of the linker region, the SDH 
domain and the biochemical test results on modulation of LKR activity (Figure 6 A and 
B). 
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Figure 6. Model of lysine catabolism regulation in cereal endosperm cells 
(A) Developing seeds have two sources of lysine: transport to endosperm cells from vegetative tissues and 
synthesis in plastids via the aspartate pathway. Part of the lysine is incorporated in lysine-containing 
proteins (LCP) but the major storage proteins, prolamins, are devoid of lysine. In maize, the genes 
encoding zeins are controlled by the transcriptional activator Opaque2, as is the gene encoding the 
biftinctional enzyme LKR-SDH. The LKR-SDH enzyme is regulated by Ca^ ,^ which is involved in 
enzyme dimerization, and by phosphorylation by casein kinase (CK) in a lysine-dependent manner. As the 
pool of lysine increases, LKR activity increases owing to lysine-dependent phosphorylation. 
Phosphorylation of the LKR domain might derepress the enzyme, which is originally inhibited by the SDH 
domain and/or the interdomain of the bifunctional enzyme. In this process, a large proportion of free lysine 
is catabolized, giving rise to glutamic acid and a-aminoadipic-5-semialdehyde (AASA). Abbreviation: 
a-KG, a-ketoglutarate. 
(B) A hypothesis suggesting a conformational modulation of LKR/SDH. Galili et al. suggest that LKR/SDH 
may be shuttled in vivo between at least two conformational states. In one state, the SDH enzyme 
functionally interacts with its linked LKR enzyme and negatively regulates its activity (left panel). In the 
second state, SDH and LKR enzymes dissociate from each other, resulting in increased LKR activity (right 
panel). Shuttling between two such confirmations may be regulated in vivo by lysine or as well as by 
protein kinases and phosphatases. (+) and ( - ) signs indicate factors that were predicted to affect the 
dissociation or association of the LKR and SDH enzymes, respectively. Similar conformational alterations 
may explain the variations in the in vitro LKR activity of LKR/SDH upon incubation in buffers lacking 
NaCl (resulting in less active LKR) or containing 100 mM NaCl (resulting in more active LKR). The LKR 
active site is represented by a black dot. 
2.6.2.3 Regulation through LKR/SDH gene expression 
Profuse LKR/SDH gQnt products are found in floral tissue and developing seeds 
of different plant species. In Arabidopsis LKR/SDH gene expression is up-regulated in 
ovarian tissues, embryos in development and outer layers of the endosperm (Tang et 
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al” 1997). According to the results of in situ analysis, Kamper et al. (1999) 
demonstrated that the Lys catabolism pathway was localized in the outer layer of 
maize developing endosperm and only slight activity was detected in the embryo. But 
Mazur et al (1999) presented a contradictory finding since overproduction of Lys in 
embryo-specific manner concomitantly increased levels of Lys catabolic product. 
These results suggest the possibility of a putative Lys transport mechanism from 
embryo to the outer layer of endosperm for its catabolism. 
In high-lysine maize mutants, opaque-2, opaque-5 and opaque-7, Lys catabolic 
rates were shown to be dramatically reduced in the endosperm (Brochetto-Braga et al.’ 
1992; Kamper et al” 1999; Gaziola et al., 1999; Azevedo et al.’ 2004). In the 
opaque-2 mutant, the genes encoding members of the zein family, including the 
abundant 22-kDa zein (the maize prolamin), and the gene encoding maize LKR/SDH 
are under the control of opaque-2 protein. This protein is a transcriptional factor 
belonging to the basic-domain-leucine-zipper family. The zein synthesis is greatly 
decreased in the opaque-2 mutant owing to the reduced transcriptional activation of 
opaque-2 protein, which may also suppress the transcription and translation of 
LKR/SDH gQnCy and hence the LKR activity. As a result, more free Lys is available for 
lysine-containing-protein synthesis, leading to high-lysine content in the maize 
endosperm. This idea is supported by the existence of opaque-2 binding-sites in the 
upstream promoter of the maize LKR/SDH gQne as well as the upstream promoter and 
internal promoter of the Arabidopsis LKR/SDH gene (Arruda et al, 2000). 
The LKR/SDH gene product is not restricted to a bifunctional protein. Neither is 
its expression area restricted to reproductive tissues (Arruda et al.，2000). As 
mentioned before, monofunctional LKR and SDH have been identified (see section 
2.6.1) in some plant species. In the EST database of the cotton abscission zones, three 
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out of -1800 ESTs are related to LKR/SDH. Two of them represent two 
monofunctional LKR mRNAs, indicating a relatively high frequency of the 
monofunctional LKR (Tang et al.’ 2002). Production of both the bifunctional 
LKR/SDH and monofunctional SDH gene products is stimulated in rapeseed leaf 
discus when submitted to osmotic stress (Deleu et cd” 1999; Moulin et al.’ 2000). 
Analysis of Arabidopsis transgenic seedlings expressing p-glucoronidase fusion 
constructs with the promoters of AtLKR/SDH gene and monofunctional AtSDH gene 
demonstrates that the expression of Lys catabolic enzymes is regulated at 
transcriptional level in response to hormonal and metabolic signals in Arabidopsis 
(Stepanskye/fl/.,2005). 
2.6.2.4 Implication of regulatory mechanism of saccharopine pathway 
The saccharopine pathway is subjected to intricate regulatory mechanisms and 
its functional significance of regulation on LKR and SDH activity in different plant 
tissues is still not very clear. It is possible that some plant species need to regulate 
growth, development and response to environmental changes through Lys catabolism. 
In developing flowers and seeds, Lys homeostasis is tightly regulated to prevent 
toxicity or depletion of free Lys for growth. In terminal tissues, like abscission zone, or 
plants under acute abiotic stress, up-regulation of LKR/SDH activity is required for 
rapid catabolism of Lys into Glu, which is thought to act as a primary precursor of 
stress-related compounds such as Pro, Arg and y-aminobutyiic acid (GABA) (Amida 
et al.’ 2000; Galili et al, 2001a; Tang et al” 2002; Stepansky et al” 2005). The 
discovery of plant homologues of the animal Glu receptors (Lam et al., 1998) might 
indicate that Glu, interacting with Glu receptors, plays an important role in some 
physiological processes. In fact, overproduction of these Glu receptors in transgenic 
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Arabidopsis was shown to change Ca^ "^  balance, leading to hypersensitivity to ionic 
stress (Kim et al.，2001). 
2.7 Overall regulation of lysine content in plants 
Both of the rate of Lys synthesis and the rate of Lys degradation are crucial to the 
Lys accumulation in plants. The rate of Lys synthesis is primarily controlled by 
lysine-sensitive DHPS rather than lysine-sensitive AK in the aspartate family pathway, 
as DHPS is more sensitive than AK towards lysine-feedback inhibition. Cereal crops 
normally are not able to accumulate free Lys to a level that inhibits AK activity. Thus, 
the lysine-sensitive AK exerts little influence over Lys production in the presence of 
DHPS. In contrast to AK in plants, AK in bacteria plays an important role in the rate of 
Lys synthesis since bacterial DHPS is more tolerant to Lys inhibition and can be 
regarded as a lysine-feedback insensitive enzyme. 
Evidence on Lys catabolism affecting Lys accumulation has been mainly 
obtained from the investigation of LKR/SDH of maize opaque-2 mutant (Kamper et 
al.，1999) and transgenic plants having Lys elevation (see more detail in section 2.8). 
The results clearly indicate that lowering LKR/SDH activity is accompanied by more 
Lys retained in the seeds. Gaziola et al. (1997) provided additional support that LKR 
and SDH activities are lower in rice than in maize, on a fresh-mass basis, resulting in 
relatively higher Lys concentration in rice grain. 
Plants have evolved a very advance system whereby the aspartate family 
pathway and the saccharopine pathway work cooperatively to monitor Lys 
concentration in a tissue-specific manner for the needs in growth and development. 
Elevation of Lys content in plants may necessitate consideration of the modulation of 
metabolite flow through both pathways as well as unaffecting the role of both 
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pathways in growth and development of plants. 
2.8 Increasing lysine content in plants 
The need to improve Lys content in cereal crops has been recognized for a long 
time. Many different strategies have been employed to produce high Lys plants and I 
will discuss the major ones including plant breeding, identification of natural 
occurring mutants, induction of biochemical mutants and the production of transgenic 
plants. The discussions will be focused on the biological properties of mutants as 
many of which have become very useful tools for further investigation of the 
regulation of Lys metabolism. 
2.8.1 Breeding, selection and naturally occurring mutants 
Conventional long-term breeding programs have been used for selection of 
plants with improved protein quality (Moro et al.’ 1996; Galili and Larkins, 1999; 
Garcia and Souza, 2002). However, none of these lines has so far reached the 
minimum dietary standard of lysine set by WHO. Although an assay for EF-1 alpha 
concentration may provide a simple and inexpensive method for breeding programs to 
select for improved Lys concentration (Moro et al.’ 1996)，the programs are still 
considered less effective after the development of plant transformation protocols 
(Azevedo and Lea, 2000). 
The discovery of high-lysine opaque-2 and floury maize mutants by Mertz and 
Nelson (1964) are successful examples, highlighting the value of the traditional 
screening approach for natural occurring mutants. Since then, there has been extensive 
research on identification of similar mutants in cereals. While high-lysine barley (Doll 
et al.，1974; Munck et al.’ 1970) and sorghum (Singh and Axtell, 1973) were 
discovered within the next ten years, there are no comparable mutants of rice, oats or 
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wheat identified. For those high-lysine mutants, unfortunately, they exhibited various 
undesirable traits like softened starchy endosperms, poor yield and higher 
susceptibility to pathogens (Galili and Larkins, 1999). The initial problems of 
opaque-2 mutants were overcome by a complex breeding program, which introduced 
“opaque-2 modifier" genes to the mutants to maintain wild-type-like characteristics. 
These new types of maize have been designated Quality Protein Maize (QPM) 
(Gaziola et al” 1999) and some of which have been mass-produced and introduced to 
market. 
2.8.2 Induced biochemical mutants 
Since Lys and Thr tremendously inhibit the activity of AK and DHPS, 
biochemical mutants can be produced by mutagenesis of seeds or cells from target 
species, and then grown in selective medium containing the two amino acids or their 
analogues (Green and Philips, 1974; Lea et al., 1992). Two maize mutants, LT19 and 
LT20, resistant to Lys plus Thr inhibition and accumulating higher level of Thr, were 
shown to express AK isoenzymes (encoded by the mutated askl gene) with altered 
sensitivity to Lys (Dotson et al.，1990). A double mutant LT19/opaque-2 unexpectedly 
displayed a synergistic effect on the rocket of soluble Thr up to 144-fold. Analysis of 
this double mutant suggested that opaque-2 gene might regulate the askl gene 
(Brennecke et al.y 1996). 
Similar mutants resistant to Lys plus Thr inhibition were obtained in barley 
(Bright et al.，1982ab), carrot (Cattoir-Reynaerts et al” 1983), tobacco (Frankard et al.’ 
1991), and Arabidopsis (Heremans and Jacobs 1995). Resistance of all these plants 
was due to a mutation in one of their AK isoenzymes, mostly the lysine-sensitive AK, 
that confers feedback inhibition insensitivity. These mutants exhibit enhanced free Thr 
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ranging from 6-fold in Arabidopsis to 70-fold in barley and tobacco. A slight increase 
in free Lys was detected only in maize mutants but not in the other mutants. These 
results suggest that sensitivity of DHPS to Lys might have to be altered in order to 
obtain Lys overproducing plants. 
AEC, a toxic Lys analogue, has been used as a selective agent for selecting 
DHPS mutants. Experiments were performed in Arabidopsis (Heremans and Jacobs, 
1994)，barley (Bright et al.’ 1979)，carrot and tobacco (Jacobs et al” 1987)，maize 
(Azevedo and Arruda, 1995), potato (Jacobsen, 1986)，rice (Scheaffer and Sharp, 1981) 
and wheat (Kumpaisal et al” 1989). Most of the mutants shared very similar results 
that survivorship was conferred by reduced uptake of AEC and no mutated DHPS 
protein or significant increase of free Lys was detected. Only one successful case was 
found in a tobacco mutant (RAEC-1) containing the mutated Lys feedback-insensitive 
DHPS (Negrutiu et al” 1984). Free Lys was shown to increase 28-fold in this mutant. 
To further boost the Lys concentration, Frankard et al (1992) crossed the RAEC-1 
with the Thr resistant mutant, producing a double mutant containing the AK and 
DHPS insensitive to Lys. The double mutant overproduced free Lys up to 50% of the 
total pool of soluble amino acids but it showed no apical dominance, no intemodes, 
smaller leaf size, reduction of leaves almost to the ribs, no stem elongation and flower 
formation. This abnormal phenotype is associated with the Lys accumulation in leaves 
(Frankard et al.’ 1992). 
In another report, a loss-of-function DHPS Arabidopsis mutant was obtained. It 
produced less Lys but accumulated much more Thr (3-6 fold), suggesting a balance 
control between branches of the aspartate family pathway (Craciun et al., 2000). 
The data received from investigation of mutants has reaffirmed that DHPS 
exerts primary control in Lys biosynthesis. Besides, constitutive overproduction of Lys 
and Thr by mutation selection from cell culture would probably confer adverse traits to 
mutants. 
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2.8.3 Transgenic plants 
Production of high-lysine cereal crops has become more promising as the 
molecular tools and cereal crop transformation and tissue culture techniques are 
becoming more advanced to allow more precise engineering of Lys metabolic pathway. 
The most common strategies are the expression of feedback-insensitive enzymes of 
AK and/or DHPS in a constitutive or seed-specific manner. The genes employed for 
plant transformation include a wild-type dapA either from E. coli (Shual and Galili 
1992ab) or from Corynebacterium glutamicum (Falco et al.’ 1995)，and several mutant 
alleles oflysC genes from E, coli. As mentioned in section 2.5, the bacterial dapA gene 
encodes a DHPS enzyme that is naturally feedback-insensitive to Lys, while the 
mutated lysC gene encodes the AK enzyme that has lost sensitivity to Lys inhibition. A 
deregulated form of the plant DHPS, encoded by the gene dhpsl66av (see section 
2.5.2.2), was also used to produce transgenic plants. 
Generally, transgenic plants expressing bacterial desensitized mutant AK 
overproduced free Thr and sometimes free Met but not free Lys (Table 3). These 
results were similar to those observed in the biochemical mutants with altered AK 
activity. The notable free Thr enhancement in some transgenic plants, such as in 
tobacco leaves and seeds (Shaul and Galili, 1992b) was sufficient to raise overall Thr 
concentration even the protein-bound Thr content was not changed. There was also a 
special case in transgenic alfalfa (Galili et al.，2000), in which free Thr rise was 
accompanied by protein-bound Thr increment. Moreover, constitutive expression of 
AK in Barley (Brinch-Pedersen, 1996) led to a 14-fold increase of free Lys and an 
eight-fold increase of free Met in leaves, but remarkable changes in seeds were not 
detected. There were also no significant changes of free amino acid in transgenic 
Arabidopsis with the mutant AK. 
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Table 3. Plant transformation for lysine enhancement 
D . Enzyme/ ^ a „ Expression Amino acid Reference ‘ Gene Host plant - Enhancement'' pro跳 Promoters Phenotype (Fold)7 %'' 
Shaul and Galili, AK lys C Tobacco 35S Abnormal 2-9 (Thr)' 
1992b 55% (Thr)'" 
Karchi et al, AK lys C Tobacco Phaseolin Normal 17 (Thr) f 
1993 3 (Met)'' 16.5o/o(Thr)f 
Tzchorie/fl/.， AK lys C Arabidopsis 35S Normal 0 (Lys) 
1996 
Galili et al, AK lys C Alfalfa 35S N.D. 4.2 (Thrf 
2000 8% (Thr)' 
Perl et al, 1992 DHPS dapA Potato 35S N.D. 2-5(Lys)® 
Shaul and Galili, DHPS dapA Tobacco 35S Abnormal at 15 (Lys)® 
1992a young stage 56% (Lys) 
Kwone/a/., DHPS dapA Tobacco 35S 55 (Lys/ 
1995 
Falco etai, DHPS CordapA Canola Phaseolin Poor germination 100 (Lys/ 
1995 200% (Lys) f 
Soybean Phaseolin N.D. 25%(Lys)f 
AK & lysC & Soybean Phaseolin Abnormal 10 -500(Lys)^ 
DHPS CordapA 500%(Lys)'" 
Brinch-Pedersen AK lysC Barley 35S N.A. 0 (Lys)' 
effl/.，1996 DHPS dapA 2 (Lys)� 
Bittel et al., DHPS dhps\66av Maize cell 35S N.A. 4 (Lys) 
1996 (maize) culture 
Lee ef a/., 2001 DHPS dhps\66a\ Rice 35S Poor germination 2.5^4 (Lys)" 
(maize) GluB-1 Normal 0 (Lys) 
Shaul and Galili, AK & lysC & Tobacco 35S Abnormal 25(Lys)' 
1993 DHPS dapA 2.5 (Thr)' 
Falco et al, DHPS CordapA Maize Embryo- Normal 20-30 (Lys/ 
2001 specific 200% (Lys) LKR/SDH LKR/SDH Normal lOfLvs / 
Knockout � � ’ 
DHPS & CordapA & M � ™ � 从 /T � f LKR/SDH LKR/SDH Normal 40-60 (Lys) 
Knockout 
Zhue/fl/., 2001, DHPS dapA Arabidopsis Phaseolin Normal 12 (Lys/ 
2003 f LKR/SDH T-DNA N.A. Normal 5(Lys)f 
Knockout 
DHPS & dapA cross Poor germination 80 (Lys/ 
LKR/SDH T-DNA & abnormal at 38 (Met)'" 
Knockout young stage 400%(Lys) ^ 
Sun, LRP LRP Arabidopsis Phaseolin Normal 19% (Lys)» 
unpublished (wing bean) ^ ^ ^ ot-l Chalkness 5-40%(Lys)« 
'LysC and dapA are from E.coli; CordapA is from Corynebacterium glutamicum. 
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'^Results of alfalfa and tobacco using 35S promoter are from the measurements of leaves; others are 
from the measurements of seeds. 
cpree amino acids content increased in folds. 
*hrotal amino acid increased in percentage. 
Hesults are obtained in heterozygous transgenic plants. 
'Results are obtained in homozygous transgenic plants. 
®Lys increased in protein-bound form. 
N. A. means not applicable; N.D. means no data or not mentioned. 
Conceptually, elevation of free Lys can be achieved by presenting the 
deregulated DHPS enzyme in plants. However, studies on transgenic plants have 
showed inconsistent results when this enzyme was expressed in different tissues or 
species. Constitutive expression of the genes dapA / dhpsl66av encoding feedback 
insensitive enzymes DHPS was investigated in tobacco, potato, barley, maize cell 
culture and rice (Shaul and Galili, 1992a; Perl et al” 1992，Brinch-Pedersen et al” 
1996; Bittel et al” 1996; Lee et al., 2001). High concentration of free Lys was detected 
in tobacco leaves (15-fold increase) and Barley leaves (14-fold increase). There were 
around four to five-fold increases of free Lys in potato vegetative tissue and maize cell 
culture. In seeds of barley and rice, only a very limited Lys enhancement (2-fold) was 
shown. 
With the use of seed-specific promoters driving the genes, tobacco (Mazur, et al.’ 
1999) and rice exhibited negative results. Extra free Lys failed to accumulate. More 
satisfactory results were found in soybean and canola (Falco et al” 1995) for which 
free Lys accumulated in these seeds caused a notable increase of the overall Lys 
content. In maize, expression of CordapA gene with endosperm specific promoter did 
not lead to overproduction of free Lys, whereas with embryo-specific promoter, 
increased free Lys was detected (Mazur et al.’ 1999). 
Concerted effects of feedback-insensitive AK and DHPS in transgenic plants 
were also studied in tobacco (Shaul and Galili, 1993), soybean and canola (Falco et al” 
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1995). In tobacco, transformants expressing both the E. coli AK and DHPS 
constitutively accumulated a much higher concentration of free Lys but less soluble 
Thr in the leaves when compared to transformants expressing either AK or DHPS. The 
results supported that Lys and Thr syntheses are controlled by AK, DHPS and HSDH. 
Similarly, seeds of transgenic soybean plants expressing lysC and CordapA 
accumulated more free Lys than seeds expressing CordapA alone (Table 3). However, 
in canola, expression of the lysC together with CordapA in seeds did not increase the 
Lys accumulation over those expressing CordapA alone. The presence of this DHPS 
enzyme also prevented the excess accumulation of free Thr that was seen in canola 
expressing the lysC alone (Falco et al., 1995). 
The failure of Lys accumulation in the particular regions of transgenic plants, 
like tobacco and barley seeds or endosperm of maize, was suspected W associate with 
Lys catabolism. Indirect evidence includes (1) significant stimulation of 
Lys-dependent LKR activity in transgenic tobacco (Karchi et al.’ 1994);- (2) higher Lys 
catabolic products saccharopine and a-aminoadipic acids accumulated in transgenic 
soybean and canola seeds, suggesting lower -LKR/SDH activities in these legume 
plants (Falco et al” 1995); and (3) free Lys failing to accumulate in maize endosperm 
where Lys catabolism is located (Mazur et. al., 1999). 
Direct evidence of Lys catabolism regulating Lys accumulation in plants has not 
been obtained until the successful generation of LKR/SDH knodkout mutant in 
Arabidopsis. As compared with wild-type plants, the knockout mutant exhibited 
normal phenotype under regular growth conditions but possessed considerable higher 
free and protein bounded Lys in its seeds (Zhu et al” 2001). ^ o further the 
investigation, Zhu et al expressed the E. coli dapA gene in the knockout mutant, 
resulting in synergistic increase (-80 fold) of free Lys in seeds. CoiAparable results 
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were also obtained in maize (Falco, 2001). The combination of feedback-insensitive 
DHPS with the knockout LKR/SDH in maize mutants resulted in two to three-fold 
higher Lys level than the lines with DHPS alone (Table 3). 
Expressing a Lys-rich protein (LRP) in plants is an alternative approach to 
elevate Lys content. Successful cases were found in Arabidopsis and rice when wing 
bean LRP gene was expressed in these plants in seed-specific manner. Seeds obtained 
from these transgenic Arabidopsis and rice showed enhancement in total Lys 
accumulation up to 19% and 40%, respectively (Table 3). 
2.8.4 Insight into the way of lysine accumulation 
It has been proposed that alternation of the sensitivity of Lys synthetic enzymes 
AK and DHPS in plants would result in enhancing Lys levels. Studies on biochemical 
mutants and transgenic plants have shown that the assumption is true when these 
deregulated enzymes present in plant tissues where LKR/SDH activity are relative low 
or undetectable. However, results obtained from LKR/SDH knockout mutants in 
Arabidopsis and maize as well as the high-Lys opaque-2 maize have implied that Lys 
catabolism also plays a vital role in free Lys accumulation. Since most if not all crops 
seeds possess an active Lys catabolic pathway, significant improvement of the Lys 
content in crops seeds would most probably be achieved by the expression of 
feedback-insensitive enzymes coupling with a reduction in Lys catabolism (Table 2; 
Galili, 2002a). 
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2.9 Gene silencing in plant 
There have been numerous reports describing application of antisense nucleic 
acid derivatives for target inhibition of gene function over the past two decades 
(Scherer and Rossi, 2003). In plants, the commonly available methods include 
antisense, sense co-suppression (reviewed in Bruening, 1998), ribozymes (Merlo et al., 
1998; Scherer and Rossi, 2003), chimeric oligonucleotide (Bruening, 1998; Zhu et al” 
1999) and RNA interference (RNAi) (Waterhouse et al., 1998). In this part of the 
discussion, I will cover the antisense RNA method and RNAi method which were 
employed in my project. 
2.9.1 Mechanism of antisense RNA and RNAi 
Antisense RNA is a traditional strategy for generating gene silencing effect in 
transgenic plants. Expression of an inverted DNA fragment of the target gene in 
transgenic plants can produce antisense RNA and trigger specific gene silencing. 
Mechanism of this antisense RNA has not been fully understood yet. Researchers 
presumed that the expressed antisense RNA sequence would form a double helical 
complex with the target RNA, blocking the translation process (Lee and Roth 2003). 
This complex may also lead to target RNA degradation (Bruening, 1998). 
RNAi is another method to induce gene silencing effect in different organisms. 
The naturally occurring RNAi mechanism has been studied extensively only in the 
past few years (Mello and Conte, 2004) but the phenomenon might be first reported in 
as early as 1928 when Wingard described the virus infected tobacco plants being able 
to recover themselves from virus disease (see review by Baulcombe, 2004). The 
recovery mechanism has been a mystery for decades until a breakthrough came from 
Fire et al. in 1998. They showed that the gene silencing effect in the nematode 
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Canenorhabditis elegans were mediated by a double-stranded RNA (dsRNA). Since 
then, investigations of RNA silencing pathways in different organisms have 
progressed at a startling rate and numerous discoveries have revolutionized scientists 
understanding of gene regulation. Although it is already clear that diverse mechanisms 
appear in different organisms, many components of the RNA silencing machinery still 
need to be identified and characterized in order to fully uncover the steps involved 
(Mello and Conte, 2004). Mechanism of RNAi in plants will be discussed briefly in 
this section. Further information of RNAi in plants and other organisms can be 
referred to the comprehensive review written by different scientists (Ambros, 2004; 
Baulcombe, 2004; Meister and Tuschl, 2004; Mello and Conte, 2004; Lippman and 
Martienssen, 2004; Hannon and Rossi, 2004). 
Three naturally occurring RNA silencing or RNAi pathways have been revealed 
in genetic and molecular analysis in plants. All of these pathways are mediated by the 
formation of a dsRNA, which is subsequently processed to 15-21nt small RNAs to 
induce sequence specific gene silencing (Figure 7). Three types of naturally occurring 
small RNA were found: short interfering RNAs (siRNAs), repeat-associated short 
interfering RNAs (rasiRNAs) and microRNAs (miRNAs). The origin of these small 
RNAs was summarized by Mello and Conte (2004). Different small RNAs are 
produced by different enzyme Dicers. Four Dicer genes encoding four Dicer proteins, 
DCLl, DCL2, DCL3 and DCL4 were identified in A. thaliana (Meister and Tuschl, 
2004). DCLl is required for miRNA biogenesis, and DCL3 produces retroelements 
and txansposon siRNAs and is required for chromatin silencing, whereas the roles of 
DCL2 and DCL4 are more difficult to define (Baulcombe, 2004). When the small 
RNAs assemble to each of the effector complexes RISC (RNA-induced silencing 
complex), RTTS (RNA-induced transcriptional silencing) or miRNP 
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(miRNA-containing effector complex), these complexes induce gene silencing effects 
through chromatin modification, targeting RNA cleavage or translational repression, 
respectively (Figure 7). More details ofRNAi mechanism in plants, such as the role of 
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Figure 7. RNA silencing pathways in Arabidopsis 
Long dsRNA and miRNA precursors are processed to siRNA/miRNA duplexes by an enzyme 
named Dicer. The short dsRNAs are subsequently unwound and assembled into effector 
complexes: RISC, RITS or miRNP. RISC mediates mRNA-target degradation, miRNP guides 
translational repression of target mRNAs, and the RITS complex guides the condensation of 
heterochromatin. Specialized Dicer or DLC proteins preferentially process long dsRNA or 
miRNA precursors. Function of three RNA silencing pathways in plant: cytoplasmic siRNAs 
silencing (against virus infection), silencing of endogenous messenger RNA by miRNAs 
(negatively regulate gene expression), and DNA methylation and suppression of transcription 
(protecting genome against damage caused by transposons) (Baulcombe, 2004). 
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2.9.2 Application of antisense technology to produce transgenic plants 
Artificial design of RNAi constructs to generate dsRNAs mimicking those 
naturally occurring dsRNAs has been reported to cause endogenous gene silencing 
efficiently in transgenic plants (Waterhouse et al” 1998). RNAi and antisense RNA 
differ in chimeric gene construction. While the former requires both sense and 
antisense of the same segment from a target gene in a gene construct, the latter only 
employs the antisense part. As chimeric genes of RNAi and antisense RNA must be 
transcribed in cells in order to trigger gene silencing, the mechanism involved is 
known as post-transcriptional gene silencing (PTGS). However, it is still uncertain that 
whether this type PTGS enters one of the RNAi pathways that naturally occurrs 
(Baulcombe, 2004). 
Before the mechanisms of RNAi were revealed, experimental results that 
directly comparing the efficacy of gene inactivation through antisense, sense 
co-suppression and dsRNAby transgenic method had been obtained by Waterhouse et 
al. (1998), Levin et al. (2000) and Wesley et al (2001). In their studies, different plants 
were tested, including tobacco, Arabidopsis，cotton and rice. They gained similar 
results showing that a construct producing antisense plus sense transcripts triggered 
better and more consistent gene silencing effects than either sense or antisense alone. 
The percentage of independent lines having gene silencing effects was about 50-100% 
for RNAi, while for antisense or sense suppression, it was about 0-13%. In the data of 
Wesley et al (2001), they further illustrated that when a construct design using an 
intron linking the arms of sense and antisense sequence of a target gene, it generally 
gave 90-100% gene silence effect among independent transgenic plants of tobacco, 
Arabidopsis，cotton and rice (Figure 8), and arms of 400-800 nucleotides appeared to 
be stable and effective. 
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Construct Predicted RNA structure PTGS n 
hpRNA llllllllllllll：： 55% 234 
....... 
ihpRNA l l llllllllllll� 90% 243 
ihP=NA „„mm . 80O/O 48 overhang UUUUML^ 
ihPRNA • n r n n n i m r ^ . 89% 36 
spacer � . 
(Modified from Wesley et al., 2001) 
Figure 8. The predicted RNA structure and efficacy of gene silencing 
Silencing efficacy of four different construct types with several gene sequences tested. Thick lines 
indicate target sequences; dashed grey lines indicate non-target sequences; grey lines indicate 
intron-junction sequences left after splicing; and short lines within the stem of hairpin structures 
indicate base pairing. Figrues in PTGS column indicate the percentage of plants showing gene silencing; 
n = number of plants in each treatment; hpRNA = hairpin RNA; ihpRNA = intro-containing hairpin 
RNA. 
RNAi technology is useful in rice research. By incorporating RNAi as one of the 
investigation tools, researchers successfully illustrated the function of a 
stress-response gene {OsMAPKS^ Xiong et al., 2003)，a growth regulation gene 
(OsPB-73, Chen et al.，2003), a floral organ patterning gene (OsMADS2, Prasad et al.， 
2003), an AP3/DEF ortholog {OsMADSld, responsible for specifying the identities of 
lodicules and stamens in rice flower, Xiao et al.’ 2003) and a glutelin protein 
suppressor gene (Lgcl, Kusaba et al., 2003). The encouraging results from these 
studies revealed that RNAi can become one of the most important and powerful tools 
for gene silencing in rice. 
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2.10 Hypothesis 
Rice proteins are deficient in some essential amino acids and the most limiting 
one is Lys. In higher plants, Lys is synthesized in the Asp family pathway and broken 
down in the saccharopine pathway. Previous studies has shown that rate of Lys 
synthesis is regulated by the enzymes DHPS and AK in the Asp family pathway as 
both DHPS and AK activities are severely inhibited at a low level of Lys. At the same 
time, Lys is catabolized in the saccharopine pathway by the bifunctional enzymes 
LKR/SDH and accumulation of free Lys in Wvo can stimulate LKR/SDH activities. 
Transgenic plants with enhanced Lys content have been obtained through two 
strategies: (1) expressing feedback-insensitive DHPS and AK enzymes in plastid 
where the Lys biosynthetic pathway is located; and (2) generation of LKR/SDH 
knockout mutants. Combining the two strategies has shown a synergistic effect on 
elevation of free Lys in maize and Arabidopsis. If we apply these two strategies in rice, 
we may also produce high Lys rice. In this study, the feedback-insensitive DHPS 
enzyme and feedback-insensitive AK enzyme, both from E. coli, were expressed 
synchronously in rice. Besides, an antisense construct and an intron-containing RNAi 
construct targeted to down-regulate the Lys LKR/SDH enzymes were expressed in rice 
independently or co-expressed with the feedback-insensitive enzymes. The 
hypotheses to be tested are: 
(1) Trangenic expression of E. coli feedback-insensitive enzymes AK and DHPS in 
rice will lead to free lysine increase similar to the results obtained in maize and 
Arapidopsis; and 
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(2) Expression of antisense-Z尺及 or RNAi-LKR gene in transgenic rice will 
down-reglate LKR activities, resulting in free Lys increases similar to that of the 
LKR/SDH knockout mutants of maize and Arabidopsis. 
To test these hypotheses, the following approaches will be used: 
(1) Transgenic expression of the mutated E. coli AK gene and wild-type E. coli DHPS 
gene in rice in both constitutive and seed-specific manner; 
(2) Transgenic expression of antisense-LO and RNAi-LKR constructs in rice seeds; 
(3) Synchronous expression of AK gene, DHPS gene and RNAi-LKR in transgenic 
rice; and 
(4) Analysis of free amino acid pool / profile in transgenic rice lines. 
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Chapter 3. Materials and Methods 
3.1 Chemicals 
All chemicals used were of reagent grade or molecular grade and purchased 
from Sigma-Aldrich Chemical Co. (USA), Roche Diagnostics Corporation (USA), 
Bio-Rad Co. (USA) or Ridedl-deHaen (Germany) unless otherwise specified. 
Restriction enzymes were obtained from New England Biolabs or Promega. The Taq 
DNA polymerase, lOX PGR buffer, 25mM MgCl2, DTT, dNTPs, M-MLV-reverse 
transcriptase, 5X M-MLV buffer, DTT, RNAase inhibitor were obtained from 
Promega Bioscience (USA). 
3.2 Bacterial strains 
For chimeric gene construction, E. coli strain DH5a was used as a host for the 
plasmid DNAs. Rice transformation was carried out by Agrobacterium tumefaciens 
strain EHA105 (Liu, 2002). 
3.3 Chimeric gene construction for rice transformation 
3.3.1 Plasmids and genetic materials 
Six chimeric genes were designed and subcloned in the super binary vector 
pSB130 (Figure 9), which was constructed by Dr. Q.Q. Liu in our group for 
transforming rice efficiently through Agrobacterium-mQdiaiQd method. Figure 10 
shows the constructs used in this study. The plasmids carrying Gtl and GluB-1 
seed-specific promoters and Gtl terminators (Gtl-ter) were also provided by Dr. Q.Q. 
Liu (Liu, 2002).The mutated lysC gene coding for the feedback-insensitive AK was 
cloned from E. coli strain TOC R21 (Shaul and Galili, 1992b). The dapA gene coding 
for DHPS was also cloned from E. coli (Richaud et al.，1986). Both genes were linked 
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to the pea rbcS-3 chloroplast transit peptide (TP) (Fluhr et al，1986). Plasmids (pAJ98 
and pAC32, Figure 11 ) containing these two gene cassettes were kindly provided by 
Professor G Galili, who used them to produce transgenic tobacco with enhanced 
enzyme activities. In addition, the LKR gene for pSBAn (antisense-LKR) and pSBRi 
(RNAi-LO) constructs was cloned by RT-PCR using primers (SL3 and SL4，see 
section 3.3.4) designed by Dr. Q.Q.Liu. 
X h � , _ _ V PSB130 1 
9793 bp ]• 
LB1 RB2 LB2 
— { ] i H 35s pro Hyg (R)| 二 [•[] 
multiple cloning site Size: 9739bp 
Figure 9. Schematic diagram of super binary vector pSB130 
The plasmid was constructed by Dr. Qiao Quan Liu (2001) with a size of 9739pb. It 
contains two separate T-DNA borders. One T-DNA region was inserted with a 
monocot -widely-used selectable marker, the hygromycin resistant gene (Hyg). The 
Other one consists of a multiple cloning site. The plasmid also carries a kanamycin 
resistance gene [Kan (R)] for bacterial selection. RB, right border; LB, left border; 35S 
pro, CAMV 35S promoter with duplicated enhancer region; Hyg (R), hygromycin 
phosphotransferase gene; 35polyA, CAMV 35S 3，-polyA region. 
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pSB1069 
1. — ^ GIUB.1 I TP I A K Gt1 TP DHPS [ — 
pSB2050 
2 . — I 35S TP A K 35S TP DHPS | — 
pSBAn 
3. — ^ GT1 <-LKR | — 
pSBRi 
4. — ^ GT1 LKR-» In <-LKR [ — • 
pSB125Q 
5. — J GluB-l I TP I AK Gt1 TP DHPS GT1 LKR-> 1-21 ^ L K R [ — — 
pSB2250 
6 — I 35S I TP I AK 35S TP DHPS GT1 LKR+ 1-21 <-LKR~[—— 
RB1 RB2 [ m D { 1 [ > ® i F 1 r 
multiple cloning site 
Figure 10. Constructs to manipulate Lys content in rice seeds 
Plasmids pSB1069 and pSB1250 direct AK and DHPS to be expressed in rice endosperms; 
GluB-1, rice storage protein glutelin G/wB gene promoter; Gtl, rice glutei in GluA (A-2) 
promoter. Plasmids pSB2050 and pSB2250 direct AK and DHPS to be expressed 
constitutively in rice. Plasmid pSBAn having antisense LKR and plasmid pSBRi were 
constructed to generate gene silencing effect. 35S, the 35S promoter of the CaMV; TP, the 
sequence encoding for the chloroplast targeting sequence of pea rbcS\ LKR, partial sequence 
of rice LKR cDNA with the arrows showing the direction of the gene; I-2,the second intron of 
the rice glutelin GluA gene. Terminators of the genes are not shown. (Remarks: Plasmids 
pSB1069 was made by Dr. Q.Q. Liu.) 
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3.3.2 Construction of chimeric genes with seed-specific promoters 
Plasmids pAJ98 and pAC32 obtained from Professor Galili carry the bacterial 
mutated AK gene and natural DHPS, respectively. The gene cassettes included in 
pAJ98 and pAC32 are the same as pGA492 (Shaul and Galili, 1992ab) except that 
DNA fragment encoding the Q mRNA leader sequence was omitted. The steps of 
cloning the AK and DHPS genes into the pSB 130 to form pSB 1049, carrying the gene 
cassette Gtl/TP/AK/Gtl-ter, and pSB1048, carrying the gene cassette Gtl/TP/ 
DUPS/Gtl-ter are shown in Figure 11. 
Cloning of AK gene cassette into pSB1048 to form pSB1069 is shown in Figure 
12. The plasmid pi035 was made by inserting a PGR product of Gtl-ter (glutelin A-2 
gene terminator sequence) into the pGEM®-T Vector (Promega). A Hindlll linker 
was added to the 3’ end of Gtl-ter. This Gtl-ter was cut with EcoRl and Sad and 
inserted into plasmid p520 (Liu, 2002) to replace the NOS-ter (nopaline synthase 
terminator), forming plasmid pi041 (GluB-l/GUS/Gtl-ter). Through digesting pi047 
(Figure 11) and pi041 with BamHl and Sad，the AK and GUS genes were excised, 
respectively. The AK fragment was then ligated with the GUS-deleted pi041 to form 
plasmid pi054. The gene cassette, GluB-l/AK/Gtl-ter, in pi054 was cut with Hindlll 
and ligated to i/mdIII-digested pSB1048, producing pSB1069 for rice transformation. 
46 
A B 
Hindlll NotI Hindlll NotI 
\ / \ / 
「Phas pro TP AK 0-Ter 「Phas pro TP DHPS 0-Ter - v 
pAJ98 pAC32 
Hind III & Not I 
Hindlll NotI • Hindlll NotI 
——rn ^ / ——r-i ^ / 
厂 Phas pro TP AK 厂 Phas pro TP DHPS ' - n 
pAJ98 pAC32 
Fill in Hindlll & NotI cut sites 
1 r 
blunt blunt blunt blunt 
p i Phas pro I TP I A K I L^ Phas pro TP DPHS I L . 
pAJ98 pAC32 
Blunt end ligation 
Sa 乂 j Xbal S a c � 
1 Phas pro T p ] M 1 Phas pro TP I DHPS 
pAJ98 pAC32 
Xbal and Sad 
\ ‘ Xbal Sad Xbal Sad 
\ \ \ \ 
TP AK TP DHPS 
+ Xbal Sad + Xbal Sad 
^ ^ ^ ^ ^ ^ ^ 
pBluescript SK(-) pBluescript SK(-) 
Ligation 
Xbal Sad T Xbal Sad 
V - , \ v ^ 1 
TP I AK TP DHPS 
pBluescript SK(-) pBluescript SK(-) 
P l 0 4 7 To continue pl046 
1 r 
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B a m m ， SacI B a m H I ， SacJ 
N V - i \ , \ 
、 T P AK ^ TP DHPS 
(pBluescript SK(-)/AK) (pBluescript SK(-)/DHPS) 
pl047 pl046 
BamHI and Sad 
， r 
BamHI Sad BamHI Sad 
\ \, \ \ 
TP I AK TP DHPS 
+ + 
BamHI Sad BamHI Sad 
n 
Gt1 Gtl- Gt1 Gt1. U 





BamHI Sad BamHI Sad 
\ / \ / 
m “ T P I ^ ~ < . r - \ S i ~ T P DHPS ^ 
ter ter pSB1049 pSB1048 
A B 
Figure 11. Cloning of AK and DHPS into pSBlSO 
Panel A shows the construction of pSB1049 and Panel B the construction of pSB1048. Plasmids pAJ98 
and pAC32 containing these two genes cassette were kindly provided by Professor G Galili.The 
terminators (0-ter, the octopine synthase 3’ terminator ) in pJA98 and pAC32 linking the AK (coding 
sequence of mutated lysC gene) and DHPS (coding sequence of dapA gene) were removed. The two 
target sequences together with the TP (pea rbcS-3 chloroplast transit peptide) were then cloned into 
pBluescript SK(-) (Stratagene) and then into plasmid pi017. The plasmid pl017 was constructed by 
inserting the Gtl promoter (Gtl) and and Gtl terminator (Gtl-ter) into the pSB130. 
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SacT 制 III ECORI SacL . Sacl\ ^oRI 
1 二- !：：：_ _ GluB.1 GUS NOS- k ： ! 
餅• I TEF I 
(T-vector/Gt 1 -ter) (pUC 18/GluB- 1/GUS/NOS) 
pl035 P520 
^ Sad & EcoRI 
‘ ‘ Sad EcoRI 
Hindlll,EcoRI ^ ^ / 




Sacl\ Hindlll ECORI 
GluB-l I 
I ter I 
pl041 
z 
BamH^ f \ H i n d l l l , EcoRI BamHI _ ^ 
ter 
p i 0 4 1 (pBluescript SK(-)/AK) 
p i 047 
BamHI & SacI 
Barnm Sad • 
I fii..B.i I p i T I ^ ^ BamHI S a � 
pl041 + \ | T P | AK 
Ligation 
， f 
BamHI SacI V / Hindlll, EcoRI 





Hindlll Hindlll V Hindlll \ 
J ^ GIUB.1 I TP I A K " " “ f ^ f l A H Gt1 I TP I DHPS | 






Hindlll y Hindlll 
」 G l u B . 1 I TP I ~ ~ M | ， | Gt1 I TP I DHPS 丨二• | ~ 
I I tef • I tef I I 6.2kb 1 
pSBl069(15.9kb) 
Figure 12. Construction of plasmid pSB1069 
Gtl-ter (glutelin A-2 gene terminator sequence) in pi035 carries a HindJU site and a EcoRi 
site at the 3，end. The Gtl-ter was cut with JEcdFJ and Sad and inserted into plasmid p520 (Liu, 2002) to replace the NOS-ter, forming plasmid pi041. Digesting p i047 and pi041 with 
BamHl and Sad’ AK and GUS genes were excised, respectively. The AK fragment was then 
ligated with the GUS-deleted pi041 to form plasmid pi054. The gene cassette, 
GluB-l/AK/Gtl-ter, in pi054 was cut with HindUl and ligated to i/wdin-ciigested pSB1048, 
producing pSB1069 for rice transformation. Size of the genes: GluB-1, 1.3kb; TP, 0.2kb; AK, 
1.4kb, Gtl-ter, 0.2 kb; Gtl, 1.8kb; DHPS, 0.9kb. 
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3.3.3 Construction of chimeric gene with 35S promoter 
Plasmids pSB1049 and pSB1048 (Figure 11) were used to construct pSB2050 
for rice transformation (Figure 13). The Gtl promoter in pSB1049 and pSB1048 were 
excised with //mdlll and 万細HI and replaced by the 35S promoter from plasmid 
pBI221 (Clonetech), producing plasmid pSB2049 and pSB2048, respectively. In order 
to ligate the gene cassette of AK (35s/AK/Gtl-ter) to the gene cassette of DHPS 
(35S/DHPS/Gtl-ter), the terminator in pSB2049 was changed to another Gtl-ter with 
an additional Hindlll linker. Afterwards, the whole gene cassette can be ligated to 
///wdlll-digested pSB2048. 
A B 
Hindlll BamHI Hindlll BamHI \ / \ / 
Gt1 Gt1 
广 T p ] A K " " “ r - TP DHPS U ^ 
pSB1049 pSB1048 
Hindlll & BamHI 
+ i + 
Hindlll BamHI Hindlll BamHI 
\ < \ < 
35S 35S 
GUS Nos- _ GUS h o s - l _ 
(pBI 221) (pBI 221) 
Ligation 
X r 
Hindlll BamHI Sad Hindlll BamHI Sad 
\ Z / EcoRI \ Z / ECORI 
r A 358 I TP " " “ A K ~ r A 35S I TP DHPS ？ 





Hindlll Sad \ EcoRI 
rA 35S TP AK ter_ 
pSB2049 
Sad and EcoRI ， r 
Sad Hindlll, EcoRI 
J W 
广 tef Ligation ^ y r Hindlll Sad Hindlll 0 / HmdIII, EcoRI 
| H I TP I AK | G。f [ ^ A 358 | TP | DHPS | h 
pSB2049-3 + pSB2048 
Hindlll 
y r 
ligation 1 r 
Hindlll z Hindni 




Figure 13. Construction of plasmid pSB2050 
Construction of pSB2049 is shown in Panel A and construction of pSB2048 is shown on Panel B. 
Combining the AK cassette and the DHPS cassette was achieved by using the i/mdIII site. Size of the 
genes: 35S, 0.8kb; TP, 0.2kb; AK, 1.4kb; Gtl-ter, 0.2 kb; DHPS, 0.9kb. 
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3.3.4 Construction of antisense and RNAi constructs 
Cloning of partial cDNA for antisense and RNAi constructs was performed by 
RT-PCR. One \ig quantified total RNA from 10 to 15 DAF developing rice (indica 
9311) seeds was treated with 1 unit RNase-free DNasel in a 10 \i\ reaction mixture at 
room temperature for 10 min to remove DNA contamination. The treated total RNA 
sample was denatured by heating at 65°C for 5 min in a 10 fil reaction mixture 
containing 1 |xg total RNA and 1 jiM LKR reverse primer SL-4 
(5 ’ -TC AGC AGCTGGTCG AC AG ACTCTT-3 ’: Sail site was underlined ), and 
then cooled on ice immediately. Then, a 10 pi Moloney murine leukemia virus 
(M-MLV) reverse transcriptase mixture containing 20 units M-MLV reverse 
transcriptase, 0.5 x M-MLV reaction buffer, 0.5 mM dNTPs, 10 mM DTT, and 
2 units rRNasin RNase inhibitor were added into the above template/primer 
mixture and the first-strand cDNA synthesis was performed at 42°C for 1 hr. 
The reaction was stopped by putting on ice. The completed first-strand cDNA 
mixture was diluted 10 times with distilled water. After that, the second-strand 
cDNA synthesis was carried out in a 25 |il reagent containing Ix PGR reaction 
buffer, 1.5 mM MgCb, 0.2 mM dNTPs, IjiM LKR forward primer SL-3 
(5 ’ -TTCC ATGGTCTCTTCTAG AG AC ATGGTC AC-3 ’: Ncol sites and Xbal 
sites were underlined), 0.4 units Taq DNA polymerase, 5 pi diluted first-strand 
cDNA as template and appropriate volume of DEPC-treated distilled water. 
Amplification of the LKR cDNA sequence was carried out using the following 
conditions: denaturation at 95°C for 5 min, then 30 cycles each at 94°C for 50 
sec, 52°C for 50, 72°C for Imin, followed by 1 cycle of 72°C for 10 min. The 
DNA fragment of 955bp (Figure 14) was amplified and then cloned to the 
pGEM®-T vector (Promega) for subsequent construction of pSBAn and pSBRi 
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plasmids. 
















Figure 14. Partial cDNA sequence of rice LKR used in for chimeric gene constructs 
The length ofcDNA fragment from Xbal to Sali restriction sites is 955bp. The sequence 5'-GTCTCT 
TCTAGAGACATGGTCAC-3 ’ at the 5'end with an Xbal site in bold denoting the forward primer SL-3 
and the sequence 5'-TCAGCAGCTGGICGACAGACTCTT-3'at the 3'end with a Sail site in 
bold representing the reverse primer SL-4 were used in the partial cloning of the LKR cDNA 
by PGR. 
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The construction of pSBAn was achieved by digesting the LO-containing 
T-vector with Xbal and Sail to cut out the LKR cDNA fragment. The fragment was 
then inserted into the Xbal and ^'a/I-digested plamsid pSBl 102，provided by Dr. Q. Q. 
Liu, in a reverse direction (Figure 15). 
For constructing pSBRi, the same plasmid, LO-containing T-vector and 
pSB1102, were employed. Plasmid vector pSB1102 was specially designed for the 
construction of RNAi system. As shown in Figure 15，it carries an intron with multiple 
restriction sites at its 5’ and 3’ ends, so genes of interest can be inserted in sense and 
antisense polarity. Furthermore, an EcoBl site was added to the 5’ end of Gtl promoter 
and at the 3’ end of NOS-ter to facilitate the excision of the whole gene cassette for 
subsequent cloning. The LKR fragment in the T-wQCtor/LKR was first cut out by 
BamHl and Spel (Figure 16). The fragment of size 932bp was subsequently ligated in 
sense polarity between the Gtl promoter and the intron of pSB1102. The resulted 
plasmid was digested by Xbal and Bglll and then the BamUl and 5/?eI-excised LKR 
fragment was inserted in an antisense polarity between the intron and NOS-ter (Figure 
16) to accomplish the construction. 
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(A) BamHI 
Xbal, Kpnl，Bglll, Sad 
Xbal Sail BamHI, Sail, Spel 
V ,/；pel BcoRI \ _ _ \ 门 J 见 i LKR+ U - A J Gt1 p i . 1-2 p ^ s ^ 
r ter (T-vector/LKR) pSB1102 




Sail Xbal X EeoRI 
\ \ _ m U ^ Mnos-L^ 




EcoRI \ / • E;�RI ^ Gtl <-LKR 
I 2.9 kb 1 
pSBAn (12.6kb) 
(B) The sequence of cloned rice glutelin Gtl intron 2 in pSB1102: 
BamHI Sail Spel 
G G A T C C T G C A G T C G | ; ^ C T A G T | ^ G A G G G T A A T T A A G C A A A A C T T A T C C A A A A C C A 
AACATTTTACTATTATTTTGACCTTTTTATTCCACTTTTCTTAGACAATGATT 
TAACCTCGTAATCAATTGTTAGGATTTCT今GA|GGT^ACC|?^GATCT|GAGGTC 
Xbal Kpnl BglH Sad 
Figure 15. Construction of chimeric gene pSBAn 
(A) Plasmid pSBl 102 constructed by Dr. Q.Q. Liu contains a Gtl promoter, a glutelin Gtl second intron 
(1-2) and a NOS-ter. The intron was replaced by the LKR fragment in antisense polarity to form pSBAn. 
(B)The sequence of the intron is shown. The two primer sequences used for amplification of the intron 
were in bold. Restriction sites on the primers are underlined or boxed. 
• 
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BamHI Xbal, Kpnl，Bglll, Sad Sail BamHI, Sail, Spel 
孙 a ^ l l/jPel ECORI ^ _ _ \ _ 一 ” 
^ LKR-» UL ^ Gtl 
ter (T-vector/LKR) pSB1102 
BamHI & Spel 
\ r 
BamHI Spel， 
BamHI Spel \ / 
LKR-» V ~ LJ2U ' N . z pSB1102 
ligation 
\ r 
BamHI Spel Xbal，Kpnl，Bglll，Sad 









/ BamHI Spel Sad „ / V V y EcoRI / EcoRI . \ \ / / / > Gtl LKR— 1-2 <-LKR ^ 
/ I 4.0 kb 1 
i 
/ pSBRi (13.7kb) 
/ 
DNA cut by Xbal and BglU can be 
ligated to the sites cut by Spel and 
BamHI, respectively. 
Figure 16. Construction of chimeric gene pSBRi 
LKR fragment excised by BamHI and Spel was first inserted in a sense direction. Then, LKR in the 
antisense direction was also inserted by making used of cohesive ends generated by different restriction 
enzymes, producing an intron containing KNAi-LKR construct, pSBRi. 
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3.3.5 Construction of chimeric genes expressing AK, DHPS and RNAi 
synchronously 
Both pSB1250 and pSB2250 were designed to express AK, DHPS and 
RNAi-ZAT? simultaneously. They were generated by cloning of the £coRI-digested 
gene cassette of RNAi-LO in pSBRi into the unique EcoRI site of pSB1069 and 
pSB2050 (Figure 17)，respectively. 
EcoRI EcoRI V r-—n / EcoRI 
> Gt1 LKR-> 1-2 <-LKR A 
pSBRi I 





\ Gtl I LKR-> 11.21 ” 




Pro I TP + AK ProlTP + DHPSl®；- Gtl LKR-> 1-2 <-LKR ^ 
坦 to pSB1250 (19.9 kb) / pSB2250 (18.4kb) 
Figure 17. Construction of chimeric gene pSBRi 
Plasmids pSB1250 and pSB2250 were constructed by cloning the KNAi-LKR gene cassette into the 
pSB1069 and pSB2050, respectively, through making use of the EcoRI restriction sites. Pro, represents 
either the GluB-1 or the Gtl promoter in pSB1069, or the 35S promoter in pSB2050. 
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3.3.6 Confirmation of sequence fidelity of chimeric genes 
Cycle sequencing using ABI PRISM® dRhodamine Terminator cycle 
sequencing kit (Applied Biosystems) and ABI PRISM® 3100 Genetic Analyzer 
(Applied Biosystems) was performed as described in the user manual to confirm the 
sequence fidelity of the chimeric genes. 
3.4 Rice transformation 
3.4.1 Plant materials 
The primary calli of mature and immature seed embryos from Oryza sativa 
japonica cv. 9983 were used in this study. 
3.4.2 Preparation of Agrobacterium 
A single colony of Agrobacterium EHA105 containing a super binary vector 
was picked into 10 ml LB medium with 50 mg/L rifampicin and 50mg/L kanamycin 
(Kan) and allowed to grow overnight at 28 °C. An aliquot of 500ul overnight culture 
was then inoculated in 10-15 ml AB medium (3 g/LK2HPO4,1 g/LNaJHbPCU’ 1 g/L 
NH4CI, 0.3 g/L MgS04.7H20, 0.15 g/L KCl, 10 mg/L CaClz ^HjO, 2.5 mg/L FeSCV 
7H2O, 5 g/L glucose, pH 7.2, 50mg/L Kan) with shaking for 6-8 hours until its optical 
density 600 nm (ODeoo) reached between 0.8 to 1. The bacteria was centrifuged and 
re-suspended in 15 to 20ml AAM medium (AA basal medium, 68.5 g/L sucrose, 36 
g/L glucose, 0.5 g/L casein hydrolysis, pH 5.2，100 jimol/L actosyringone). The AAM 
medium with the Argrobacterium was ready for the step of co-culture in rice 
transformation. 
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3.4.3 Agrobacterium-mtdi2ii^<i rice transformation 
3.4.3.1 Callus induction from mature seed embryos 
Rice transformation was fulfilled as described previously by Dr. Q.Q.Liu (Liu, 
2002) with some modifications in MSR medium. Mature seeds of japonica cv. 9983 
were de-hulled and sterilized with 70% ethanol for two min, and then with Clorox 
(sodium hypochlorite, 1%) containing 1-2 drops ofTween 20 at room temperature for 
45 min with shaking. They were rinsed thoroughly in sterile double distilled water for 
four times and allowed to germinate in HGPR medium [Higrow® Rice Medium 
(GIBCOBRL), 2.5 g/L Phytagel] at 26-28 °C in darkness for 7-10 days. Calli was 
induced when the seeds germinated. They were excised from the germinating seeds 
and used for rice transformation. 
3.4.3.2 Callus induction from immature seed embryos 
Developing seeds were collected 12-15 days after flowering (DAF) from fields, 
and sterilized with 70% ethanol for two min, and then shaken with 2% NaCIO 
(Chlorox) containing 1-2 drops ofTween 20 at room temperature for 1.5 hours. After 
that, immature seed embryos (about 1 mm in length) were excised aseptically and 
transferred to NeDz medium (Ne basal medium, 2 mg/L 2,4-D, 0.5 g/L casein 
hydrolysis, 30 g/L sucrose, 2.5 g/L Phytagel, pH 6.0) for callus induction at 26-28 °C 
in darkness for 4-6 days. Calli were isolated from shoots and roots for rice 
transformation. 
3.4.3.3 Co-cultivation, selection and regeneration of transgenic rice 
Isolation of rice calli was followed immediately by co-cultivating with 
Agrobacterium prepared as described in section 3.4.2. The calli induced from mature 
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or immature seed embryos were immerged in the bacterial culture in AMM medium 
for 10-20 min at room temperature and shaken discontinuously. Next, the calli were 
transferred onto a piece of sterile dry filter paper (Whatman No.l, 9cm) to remove the 
excess bacterial culture, and then was put in N6D2C medium (NeDz, 10 g/L glucose, 
lOO^imol/L actosyringone, pH 5.2 ) at 26-28°C for three days in dark for rice 
transformation. 
Following co-cultivation, the calli were dried by filter paper again to prevent 
overgrowth of bacteria on the subsequent selection steps. Dried calli were put onto 
N6D2S selection medium (N6D2, 50 mg/L hygromycin B, 500 mg/L cefotaxime, pH 
6.0) for selection of resistant calli at 28°C in for 2 weeks. The calli were moved to a 
new selection medium every two weeks until newly resistant callus cells grew out. 
Normally, 6-8 weeks was required for this selection process and it was performed in 
dark. The resistant calli were then transferred onto the HGPR medium [Higrow® Rice 
Medium (GIBCOBRL), 50 mg/L hygromycin B, 200 mg/L cefotaxime, 2.5 g/L 
Phytagel] for 7-28 days at 28�C in darkness for pre-regeneration. Afterward, the 
resistant calli were transferred to the MSR medium [MS basal medium, 30 g/L maltose 
instead of sucrose (Liu, 2002), 0.5 g/L casein hydrolysis, 2 mg/L 6-BA, 0.5 mg/L NAA, 
0.5 mg/L KT，pH 6.0, 50 mg/L hygromycin B, 6 g/L Gelrite instead of Phytagel (Liu, 
2002)] for regeneration at 26°C in 16hrs light/ 8 hrs dark. When the regenerated shoots 
emerged and grew to 3 or 4 cm tall, they were placed onto the 1/2 MSH medium (1/2 
MS macro salt, Fe-EDTA and micro salts, MS vitamins, 30 g/L sucrose, 1 mg/L NAA, 
pH 5.8, 30 mg/L hygromycin B, 2.5 g/L Phytagel) and incubated under the same 
conditions as regeneration for one to two week for rooting. Finally, these transgenic 
rice plantlets were transferred to soil and grown in the Green House or Gene Garden. 
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3.5 Analysis of transgenic expression 
3.5.1 Genomic DNA extraction 
Genomic DNA was extracted from young leaves by the Cetyltrimethyl-
ammonium Bromide (CTAB) method (Doyle et al., 1990). A piece of leaf tissue was 
put into a 1.5 ml tube and immerged in liquid nitrogen. Leaf tissue was ground into 
powder using a glass rod and was followed by adding 0.5 ml of 2% CTAB buffer (0.1 
M Tris-HCL, pH 8.0，1.4 M NaCl, 20 mM EDTA, 2% CTAB). The materials were 
mixed well, and then incubated at 65°C for 45 minutes with periodic mixing. After 
cooled down to room temperature, the mixture was blended with 0.5 ml 
chloroform/isoamyl alcohol (24:1, v/v) and centrifuged at 14,000 rpm at 4°C for 15 
min. The upper aqueous layer was transferred to a new tube and mixed with 330 \i\ 
cold isopropanol. DNA was precipitated at -80°C for 20 min and then centrifuged at 
14,000 rpm for 15 min at 4°C. The pellet was saved, washed twice with 70% ethanol 
and dried in air. Genomic DNA was dissolved in 50 \il RNase A ddHzO and quantified 
by OD260 and OD280 measurements. 
3.5.2 Total RNA extraction 
Total RNA was extracted from developing rice seeds using the cold-phenol 
method ofFeiqi Zhen (1993). About 12 to 20 developing seeds at 10 to 15 DAF were 
homogenized in 5 ml extraction buffer (0.05 M Tris-HCL, pH 9.0，0.02 M NaCl, 2mM 
EDTA, 1% SDS) and equal volume of saturated phenol in Tris buffer (pH 8.0) with 
homogenizer (IKA ultra turrax T18 basic, USA). Then the mixture was centrifuged at 
4000 rpm for 20 min at 4°C. The supernatant was transferred to a new falcon tube 
and two volumes of cold 100% ethanol were added. After inverted for several 
times, the mixture was retained on ice for 30 min for precipitation, A pellet was 
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saved after centrifugation at 4000 rpm for 20min at 4°C. Washed once by 70% 
ethanol, the pellet was dried at room temperature. Then, 1 ml cold 
DEPC-treated water was added to dissolve the pellet and it was then transferred 
to a 1.5 ml tube and centrifuged at 16,000 rpm for 10 min at 4°C to remove 
impurities. The clear supernatant was put into a new tube and mixed with 1/3 
volume of 8 M LiCl. RNA precipitation was carried out by keeping the mixture 
at 4°C overnight. After centrifuged at 2000 rpm for 10 min at 4°C, the RNA 
pellet was obtained. It was rinsed twice with 70% ethanol and then dried under 
natural condition. Finally, the pellet was dissolved in 50-100 i^l cold 
DEPC-treated water. RNA concentration was determined by OD260 measurement 
and then stored at -80°C for further use. 
3.5.3 Synthesis of DIG-labeled DNA probe 
Antisense DIG-labeled AK, DHPS, LKR and hyg probes were produced by 
modified PGR protocol described previously (Liu, 2002). The first round PGR was 
performed in a 50 reaction mixture containing IX PCR buffer, 0.5 mM MgCb, 
40|iM dNTPs, 0.05 ^M forward primer and reverse primer (Figure 18)，1 unit Taq 
DNA polymerase (Promega) and 1 pg plasmid DNA (pSB1250) harboring the four 
genes [lys C (AK), dapA (DHPS) LKR’ and hyg (hygromycin)]. To make AK probe, 
the reaction mixture was placed in a thermocycler and the amplification started with a 
2 min denaturation at 95°C followed by 55 cycles each at 95°C for 45sec, 52°C for 45 
sec, 72°C for 1.5 min, and finally a 10 min step at 72°C. To make the other probes, all 
the procedures were the same except that different primers were used. The amount of 
PCR product was quantified by OD260 and OD280 measurements. In the second round 
PCR, single-stranded DIG-labeled probe was generated by adding 50 ng round-1 PCR 
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product to a 100 \x\ reaction mixture containing IX PCR buffer, 0.5 mM MgCl〗，20|iM 
DIG dNTPs (Roche), 0.1 \iM reverse primer (Figure 18)，4 unit Taq DNA polymerase 
(Promega). The same thermal profile as the round-1 PCR was used. The yield of 
DIG-labeled nucleic acid was estimated by a sport test using DIG-labeled control 
DNA as described in the manual for DIG DNA Labeling Kit (Roche). 
Primer sequences 
For amplification of AK gene: 
Forward primer (AK-01): ATGTCTGAAATTGTTGTC 
Reverse primer (AK-02): T TACT CAAACAMT TACT AT 
For amplification of DHPS gene: 
Forward primer (dapA-01): ATGTTCACGGGAAGTATT 
Reverse primer (dapA-02): TTACAGCAAACCGGCATG 
For amplification of LKR gene: 
Forward primer (LKR-rev02): CCTTAGCTGAGGCCAATCTAG 
Reverse primer (SL-4): TCAGCAGCTGGTCGACAGACTCTT 
For amplification Hyg gene: 
Forward primer (Hyg-01): GCTGTTATGCGGCCATTGTC 
Reverse primer (Hyg-02): GACGTCTGTCGAGAAGTTTC 
Figure 18. Primers used for DIG-labeled probes synthesis 
The sequence underlined in SL-4 primer denotes a Sail restriction site. 
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3.5.4 Southern blot analysis 
Ten |ig of genomic DNA was digested with EcoRI or BamHI or Xbal and 
fractionated on a 0.8% w/v agarose gel by electrophoresis. DNA was transferred onto a 
nylon membrane (Roche) using the VacuGeneXL Vacuum blotting System (Pharmacia 
Biotech). Hybridization and detection was carried out according to the method 
described in the DIG Nucleic Acid Detection Kit (Roche) using the DIG-labeled DNA 
probes mentioned in section 3.5.3. 
3.5.5 Northern blot analysis 
Total RNA (4 jag) was electrophoresed in a 1% w/v formaldehyde-containing 
agarose gel and blotted onto a nylon membrane (Roche) by capillary action. The RNA 
was fixed on the membrane by UV (245mn) cross-linking. The DIG-labeled DNA 
probes for detecting AK, DPHS and LKR was used in hybridization, respectively. The 
procedures for hybridization and detection were performed according to the method 
described in the DIG Nucleic Acid Detection Kit (Roche). 
3.5.6 Extraction of immature seed protein 
Four husked immature seeds were placed in a 1.5ml tube and ground in 200 jil 
extraction buffer [125inM Tris-HCl, 1% SDS, protease inhibitor cocktail (BD 
BaculoGoldTM)]臺 pH 6.8 for AK and LKR protein extraction, and pH 7.5 for 
DHPS extraction. Extract was stand on ice with periodic mixing and then centrifuged 
at 16, 000 rpm for 20 min at 4°C. The clear supernatant was transferred to a new tube 
and protein concentration was measured by the bicinochoninic acid (BCA) method 
using bovine serum albumin (BSA) as standard. 
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3.5.7 Tricine SDS-PAGE 
For detection of LKR, 30 )Lig of soluble seed protein was mixed with equal 
volume of 2X sample loading buffer containing 0.0625 M Tris-HCl, pH 6.8,2 % SDS, 
0.2 M EDTA, 10 % glycerol, 0.01% bromophenol blue and 1 % P-mercaptoethanol, 
and incubated at 99°C for 10 minutes. The treated samples were loaded into wells of 
0.75 mm slab tricine SDS-PAGE gel and fractionated by the 6% polyacrylamide gel 
with a 5% polyacrylamide stacking layer. Electrophoresis was run at 50 V for 20 min 
and then 100 V for 1.5 hours using tricine gel anode buffer(0.2 M Tris base, pH 8.9) 
and cathode buffer (O.IM Tris-base, O.IM tricine, pH 8.25). 
For AK and DHPS detection, the same steps were carried but more soluble seed 
protein (80|ig) was required for both proteins. Seed proteins were separated by a 
higher concentration of polyacrylamide gel (8%) for DHPS detection. 
3.5.8 Western blot analysis 
After separated by tricine-SDS-PAGE, the protein were blotted onto 
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using Mini-Trans-Blot 
system (BioRad) as described in the user manual. The PVDF membrane was treated 
with 100 % methanol for 1 minute and equilibrated in Towbin buffer (48 mM Tris, 39 
mM Glycine, 20 % methanol) for 10 minutes before protein transfer. Electro-transfer 
was performed at constant voltage (100 V) for 60 minutes in Towbin buffer. 
Following protein transfer, the membrane was rinsed with IX phosphate buffered 
saline (PBS) (58 mM NazHPO*, 17 mM NaHzPCU . 2H2O and 68 mM NaCl) for 5 
minutes and treated in blocking buffer [0.2 % Aurora^'^ Blocking Reagent from ICN, 
IX PBS and 0.1 % Tween 20] at room temperature for 1 hour. Then, it was incubated 
in one of the polyclonal antibodies, self-raised anti-AK, anti-DHPS or anti-LKR at 
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dilutions of 1:2000, 1:2500 or 1:1000, respectively, for 1 hour. A After that, it was 
washed three times with blocking buffer for 5 min and incubated in blocking buffer 
containing horseradish peroxidase-conjugated goat anti-rabbit (HRP-GAR) secondary 
antibody (Sigma) at a 1:8000 dilution for 1 hour. Washed again with blocking buffer (3 
X 5 min), the membrane was finally subjected to non-radioactive detection with 
chemiluminescent HRP substrate (Amersham E C I J M ) as described in the manual of 
Amersham ECL TM western blotting analysis kit. 
3.6 Free amino acid analysis 
For free amino acid content determination, 25 mature seeds from each line were 
crushed into small pieces with a mortar and pestle and they were divided into three 
parts in order to perform technical repeats in subsequent steps. The crushed rice seeds 
were ground into fine powder and mixed with 500 )il Na-S侧 buffer (Beckman) and 
vortexed for 10 min. After sonicated (with Bransonic B5510E-DTH) for 3 min and 
vortexed again for 5 min, the mixture was centrifUged at 16, 000 rpm at room 
temperature for 10 min. The clear supernatant was then collected into a new 1.5ml tube, 
purified with 0.45 \im filter and followed by free amino acid content measurement 
using the Beckman 6300 amino acid analyzer. 
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Chapter 4. Results 
4.1 Construction of chimeric genes 
Six chimeric gene constructs including pSB1069 (GluB-1 pro/TP-AK/Gt 1 ter + 
Gt-1 pro / TP-DHPS/Gtl,er), pSB2050 (35Spro/TP-AK/Gtlter + 35S pro/TP-DHPS/Gtlter), 
pSBAn (Gt-1 pro / antisense-ZJ^/ Gtlter), pSBRi (Gt-lpro/RNAi-IiO?/ Gtl ter)， 
p S B 1 2 5 0 ( G l u B - l p r o / T P - A K / G t l t e r + G t - l p „ > / T P - D H P S / G t l t e r + G t - l p r o rmM-LKRI 
Gtlter) and pSB2250 (35Spro/TP-AK/Gtlter + 35S pro/TP-DHPS/Gtlter+ Gt-lpro/ 
RNAi-LKR /Gtlter) (Figure 19) were cloned into Agrobacterium super binary vector 
pSB130 (Figure 9) and transformed into A. tumefaciens EHA105 for rice 
transformation. DNA sequencing and restriction enzyme mapping were performed to 
confirm that the transgene constructs were correct in sequence and frame. 
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> GluB-1 TP + AK ， G t 1 TP + DHPS G t i - ^ ^ 
tef tor 1. pSB1069(15.9kb) i 6.2 kb 
y H i n d l l l ECORI Hindlll y ^ / 
35S TP + AK 35S TP + DHPS ^ti- ^ 
I ter I ter 2. PSB2050 (14.4kb) | 4.7 kb 
Xbal 
c t>T / EcoRI EcoRI \ X 
^ Gt1 <-LKR 
3. pSBAn (12.6kb) | 2.9 kb 1 
B严 H I ECORI EcoRI V Z y 
> Gt1 LKR+ 1.2 ^ L K R 、 
4. pSBRi (13.7kb) I 4.0 kb 1 
p S B 1 2 5 0 ( 1 9 . 9 k b ) , EcoRI EcoRI 
^ G I u B - l | TP + AK |G"- |Gt1 |TP + DHPS|<ii-| Gt1 I LKR-> 11-21 ^ L K R I ^ ^ K 
I • I tef I I tef I I I I 断 • 
5. I 10.2 kb 1 
pSB2250 (18.4kb) EcoRI EcoRI 
|35S| TP + AK | ® i - | 3 5 S | t P + DHPS|® ; | Gt1 I L K R ^ 11-21 <-LKR I ^ k ^ 
I 8.7 kb 1 
Figure 19. Six chimeric gene constructs for rice transformation 
Total size of the plasmid vectors is shown in the brackets. AK, coding sequence of mutated lysC gene; 
DHPS, coding sequence of dapA gene; GluB-1, rice storage protein glutelin G/mB gene promoter; Gtl 
rice glutelin Gluk (A-2) promoter. 35S, the 35S promoter of the CaMV; TP, the sequence encoding for 
the chloroplast targeting sequence of pea rbcS\ LKR, a partial sequence of rice LKR cDNA with an 
arrow showing the direction of the gene; 1-2, the second intron of the rice glutelin Gluk gene. 
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4.2 Rice transformation 
The six chimeric gene constructs were introduced into the rice genome 
independently through Agrobacterium-m.Q6iziQ& transformation method using calli 
induced from mature and immature seeds. The results of rice transformation are 
summarized in Table 4. Since the super binary vector (pSB130, Figure 9) contains two 
separate T-DNA border sequence sets with one carrying the selectable marker {hyg) 
and the other for the insertion of gene(s) of interest, so all the lines regenerated would 
carry the hyg resistant gene and about half of them contain the target genes. The 
process of rice transformation and regeneration is shown in Figure 20. 
Table 4. Results of rice transformation. 
I 二 二 I = 二 = I 猛 驗 
pSB1069 808 23 14 
pSB2050 1139 33 16 
pSBAn 615 23 16 
pSBRi 929 34 15 
pSB1250 690 57 29 
pSB2250 705 48 19 
Total 4886 218 109 
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Figure 20. Rice transformation 
Panels A-L show transformation at various stages. 
(A) Callus induction of mature seeds in Higrow® Rice Medium (7 days); 
(B) Callus induction of immature seeds (3 days); 
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(Figure 20 continue) 
(C) A close-up of picture (B); 
(D) Immature seed calli co-cultured with Agrobacterium. Some calli turned 
brown or yellow after 3 day co-cultivation; 
(E) Transformed calli in selection medium (1 month); 
(F&G) Regeneration of resistant calli. Green spots emerged to form shoot; 
(H) Regenerated shoot in rooting medium (1 day); 
( I ) Small plantlets ready for soil transfer after root formation (2 weeks); 
(J) Transgenic plants grown in Green House; 
(K) Transgenic plants grown in Gene Garden; and 
(L) T1 mature seeds ready for harvest. 
4.3 Detection of target genes in transgenic rice lines 
Genomic DNA was isolated from transgenic rice leaves using the CTAB method. 
The screening of TO (plant regenerated from calli), T1 and T2 (the first and second 
generation, respectively) transgenic plants for analysis was achieved by PGR. It was 
followed by Southern blot analysis. Independent transgenic lines were then selected 
for northern blot, western blot and amino acid analysis (Table 5). 
4.3.1 PCR of Genomic DNA 
Specific primers shown in Figure 18 were used in PCR reactions for preliminary 
screening of the plants containing AK, DHPS and Hgy. For LKR gene, another two 
primers were used. The forward primer [(LKR-rev 02): 5’-CCTTAGCTGAGGCC 
AATCTAG-3'] is the LKR coding sequence in antisense polarity and the reverse 
primer [(NOS-2)： 5’-GACCGGCAACAGGATTCAAT-3，] is the sequence priming a 
region on NOS-ter. More than a thousand of PCR reactions were done in screening TO, 
T1 and T2 plants and some of the results are shown in Figure 21 to illustrate the 
screening process. In this figure, the pSB1250 transformants (GR) was inserted with 
two T-DNAs (Figures 9 and 10), one containing the chimeric gene cassette of AK, 
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DHPS and LKR’ and the other one containing the Hyg gene cassette. PGR results 
indicated that all the four genes were present in the genome of T1 progenies of 
transgenic lines GR-1, GR-2, GR64, GR-65. Besides, GR-16 represents one of the 
lines that only incorporated one T-DNA during transformation process. 
Table 5. Transgenic plants selected for further analysis 
Constructs transformed Selected T1 or T2 lines 
pSB1069 GG-1, GG-2, GG-6, GG-17 
(GluB-l:AK/Gtl:DHPS) 





Ri-12, Ri-17, Ri-18, Ri-19 
(Gtl: RNAi-ZJ^) 
pSB1250 
GR-14, GR-19, GRi-64, GR-46 
(GluB-1 :AK/Gtl:DHPS/ RNAi-LKR) 
pSB2250 35R.3, 35R-17, 35R-27, 35R-56 
(35S:AK/35S:DHPS/RNAi-乙 AT?) 
(Remarks: T2 seeds were used for further analysis in all the above lines 
except lines GR-14 and GR-71 as only T1 seeds were available in these two 
lines.) 
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I ter tor ^ 
GR-16 GR-1 GR-2 GR-64 GR-65 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 M 







Figure 21. PGR results of T2 plants transformed by pSB1250 
Genomic DNA isolated from transgenic plant leaves were subjected to 
PGR reactions. A band of expected size is observed when the transgene 
presents in the genome. GR represents the transgenic lines transformed 
by pSB1250. Results of 5 independent lines are shown. One marker free 
progeny was identified (Lane 13: GR-65). 
Lanes 1-3: T2 progenies of transformant GR-16 (negative control). 
Lanes 4-6: T2 progenies of transformant GR-1. 
Lanes 7-9: T2 progenies of transformant GR-2. 
Lanes 10-11: T2 progenies of transformant GR-64. 
Lanes 12-14: T2 progenies of transformant GR-65. 
(Remark: PGR reactions and gel electrophoresis were done by Ringo.) 
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4.3.2 Southern blot analysis 
DNA isolated from leaves of transformants was analyzed by Southern blot 
hybridization to demonstrate the stable integration of transgenes in the genome office 
plants (Figure 22). DNA of plants GG (pSB1069 transformants), 35S (pSB2050 
transformants), GR (pSB1250 transformants) and 35R (pSB2250 transformants) 
transgenic lines was digested with £coRI，a single restriction site in the integrated 
DNA fragment, releasing fragments of different sizes carrying the AK and DHPS 
genes in different lines (Figure 22A, 22B). Each transgenic plant showed a distinct 
restriction digestion pattern, indicating that it was an independent transformant. 
Besides, a 4 kb fragment containing the KNAi-LKR gene in lines GR and 35R was cut 
out and detected when the membrane was hybridized with LKR probe (Figure 22C). 
The signal bands of size 21 kb are those of the endogenous rice LKR gene. For all the 
above detection, one nylon membrane was prepared. AK gene was detected first and 
followed by DHPS gene and then LKR gene. cDNA probe was removed from the 
membrane before rehybridized with a different probe. 
In An (pSBAn transformants) and Ri (pSBRi transformants) transgenic lines. 
Southern blot results confirmed the existence of extrsi LKR gene in the genome (Figure 
22D). DNA from An lines and Ri lines was digested with Xbal and BamHI， 
respectively, and different restriction patterns showed that each plant was independent 
line. From pattern of the control, wild-type (WT) and Hyg resistant plants, Xbal can 
generated a 10 kb fragment containing the endogenous LKR from the rice genome 
while BamHI produced two bands of size about 4 kb and 2.5 kb. 
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Figure 22. Southern blot analysis of genomic DNA from transgenic plants 
DNA (10 lag) from each transgenic line of GG (pSB1069 transformants), 35S (pSB2050 transformants)，GR (pSB1250 transformants) and 35R (pSB2250 transformants) was digested 
with EcoRl, resolved on a 0.8 % agarose gel. DNA from An (pSBAn transformants) and Ri 
(pSBRi transformants) was digested with Xbal and BamHl respectively (D). DNA in the gel 
was blotted onto a nylon membrane, and hybridized with DIG-labeled AK (A), DHPS (B), 
LKR (C, D) probes. Four GG independent lines: GG-1, GG-4, GG-6, GG-17; five 35S 
independent lines: 35S-3, 35S-9, 35S-13, 35S-15, 35S-1; three GR independent lines: GR-14, 
GR-19, GR-64; four 35R independent lines: 35R-3, 35R-17, 35R-56，35R-27; four An lines: An-21, An-22, An-24, An-32 and four Ri lines: Ri-12, Ri-17，Ri-18, Ri-19; WT, DNA from 
wild-type plant japonica 9983; H, DNA from transgenic plant containing the hyg gene only; 
+ve, DNA from plasmid pSB1250. Results of A, B and C come from the same membrane. 
(Remarks: See Figure 19 on page 69 for the location of EcoRl, Xbal and BamHl sites.) 
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4.4 Northern blot analysis 
Total RNA was isolated from 10 to 15 DAF developing seeds of each transgenic 
line for detection of AK, DHPS and LKR transcripts. AK transcript was detected in all 
the transgenic lines except the line 35S-13 (Figure 23 A). Technical repeats were done 
(data not shown) and transcriptional expression of AK gene in line 35S-13 could not 
be detected. The gene silencing phenomena might be due to multiple copies of the 
transgenes present in the genome (Figure 22 A). The transcript level of AK in GG 
plants and GR plants was found to be higher than that in 35S plants and 35R plants. 
The results indicate that seed-specific promoters were more effective than 35S 
promoter in driving the expression of AK in developing seeds. 
DHPS transcripts were detected in all the transgenic lines with varying 
expression levels regardless of types of promoters used. The lines having DHPS most 
abundantly expressed were GG-17, 35S-1 and 35S-3. Again, the plant 35S-13 shows 
the weakest signal, which consolidates the relation between multiple gene copies and 
gene silencing. 
Antisense and RNAi method were used to down-regulate the expression of LKR 
gene. The northern blot results show that in all the transformants carrying the 
RNAi-ZdST/J： chimeric gene, LKR expression was significantly lower than that of the 
control plants (WT and H). Nevertheless, the plants (An21, An-22 and An-24) holding 
antisense-ZAT? were showed to express LKR at a level close to the wild-type plant and 
the Ayg-containing plant (Figure 23C). 
To investigate whether transgene expression of AK and DHPS would enhance 
the endogenous LKR expression, northern blot analysis was performed. The results in 
Figure 24 show that both seed-specific (GG lines) and constitutive expression of AK 
and DHPS (35S lines) were accompanied with a higher level of LKR transcripts in the 
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immature seeds when compared with that of the wild-type plant. 
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Figure 23. Northern blot analysis of total RNA from immature transgenic seeds 
Total RNA (4|xg) extracted from immature seeds was separated on a 1% 
agarose/formaldehyde gel and then transferred to nylon membrane and hybridized 
to the DIG-labeled antisense RNA probe of AK, DHPS and LKR. WT, RNA from 
wild-type plant japonica 9983; H, RNA from transgenic plant containing the hyg 
gene only. 
(A), (B) AK and DHPS gene were driven by seeds-specific promoters in GG and GR lines. 
In lines 35S and 35R, the two genes were driven by CaMV 35S promoter. WT 
(wild-type plant) and H (Hyg containing plants), negative controls. 
(C) Gene silencing effects of antisense-LKR and R N A i - I ^ was compared. Lines of 
An cany the ant isense-LO gene. Lines of Ri, GR and 35R carry the R N A i - L O 
gene. WT and H act as positive controls. 
(See Table 5 for the details of six genotypes of G Q 35S, An, Ri, GR and 35R.) 
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Figure 24. Northern blot analysis of total RNA from immature transgenic seeds 
Total RNA (2|ag) extracted from immature seeds was separated on a 1% 
agarose/formaldehyde gel and then transferred to nylon membrane and 
hybridized to the Dig-labeled antisense RNA probe of LKR. Plants 
containing AK and DHPS driven by seed-specific and constitutive 
promoters (GG and 35S) expressed higher level of LKR transcript than 
wild-type plant (WT). 
(See Table 5 for six genotypes of GG，35S, An, Ri，GR, 35R.) 
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4.5 Western blot analysis of AK，DHPS and LKR protein 
Transgenic expression of the bacterial AK and DHPS proteins and endogenous 
expression of LKR protein were detected by western blot analysis. Total seed protein 
was extracted from 10 to 15 DAF immature seeds and fractionated in tricine-SDS 
polyacrylamide gels of different percentage. Proteins on the gel were then transferred 
to PVDF membrane for western detection. Three antibodies were used, including 
anti-bacterial AK, anti-bacterial DHPS and anti-rice LKR. 
For the detection of AK protein, anti-AK antibody in a dilution of 1:2000 was 
used. Two bands were observed (Figure 25 A) in each of the transgenic lines (except 
line 35S-13). The lower bands correspond to the E. coli desensitized AK (48.5 kDa) 
while the upper ones (-54 kDa) is AK protein linked with the TP of size approximate 
6 kDa. Since the upper bands show a much stronger signal, it suggests that only a small 
proportion of AK protein was processed in the rice seeds to release the original £. coli 
AK. 
Similar to the results of AK protein, two signal bands of DHPS protein were also 
detected on PVDF membrane incubated with 1:2500 anti-DHPS antibody. The 
detected band sizes are 37 kDa and 31 kDa (Figure 25B), and their sizes are consistent 
with sizes of original E. coli DHPS protein (31.2 kDa) and a TP-containing DHPS 
protein (37.2 kDa). From the signals of the bands, they again suggest that DHPS 
protein carrying the TP is more abundant than the DHPS without the TP. The amount 
of DHPS protein was quite low in some of the lines and no signals could be observed 
in GG-6, 35S-13 and GR-64. 
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Figure 25. Western blot analysis of total soluble protein from immature 
transgenic seeds 
Total soluble protein was extracted from immature seeds, separated in 
tricine-SDS-PAGE, and then transferred to PVDF membrane for western blot 
analysis using polyclonal antibodies raised in rabbits. 
(A), (B) AK and DHPS genes were driven by seeds-specific promoters in GG and 
GR lines. In lines 35S and 35R, the two genes were driven by CaMV 35S 
promoter. 
(C) Gene silencing effects of antisense-丄iCi^  and RNAi-LO were compared. Lines of An carrying the antisense-I^/^ gene. Lines of Ri, GR and 35R carrying KHAi-LKR gene. WT, positive control. 
(See Table 5 for six genotypes of GG, 35S, An, Ri, GR, 35R.) 
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For the detection of rice endogenous LKR protein, anti-rice LKR antibody in a 
dilution of 1:1000 was used. A strong signal of size about 125 kDa was detected in the 
wild-type (WT) rice and it was approximately the size of the expected LKR/SDH 
bifunctional protein. Results of LKR detection in An plants (An-1, An-21, An-22, 
An-24) show that LKR protein expressed at a normal level as the WT control. For the 
transgenic lines containing the KNAi-LKR gene (lines of GR, Ri and 35R), they all 
show a significant reduction in LKR protein. The signal for LKR protein was almost 
undetectable when T2 seeds were analyzed (Figure 25C). 
4.6 Free amino acid analysis 
4.6.1 Free lysine content 
To study the effect of different genotypes on the Lys accumulation we 
investigated the free amino acid content in seeds of the transgenic lines. At least four 
independent lines from each genotype were tested. Finally 13 independent lines were 
chosen as representatives for detailed amino acid analysis. From these 13 lines, we 
could observe the efficiency of the six constructs in enhancing the free Lys in the 
mature transgenic seeds. T2 seeds were used for amino acid measurement except 
plants GR-14 and GR-46 as only T1 seeds were available for these two lines. Rice 
powder for each measurement was obtained by grinding 25 seeds together from an 
individual plant and three technical repeats were performed. For the plants GR-14 and 
GR-46, as there were only limited T1 seeds, we used ten from each plant and technical 
repeats of free amino acid determination could not be performed. 
Table 6 shows the results of free amino acid measurement in the mature seeds of 
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13 transgenic lines plus a WT control (Japonica 9983). The free amino acid content 
was calculated in mg per gram of dry seed powder. In plants Ri-18, Ri-19, 35R-3, 
35R-17, substantial elevation of free Lys, ranging from about 17-fold to 26-fold higher 
than that of the WT plant, was found. Moderate free Lys enhancement of 6.6-fold and 
3-fold was found in plants GR-14 and GR-46, respectively. In plants 35S-15 and 35S-9， 
low level of Lys increase (60% to 70%) was detected. Nevertheless, no free Lys 
increase was found in plants GG-1, GG17, An-21, An-24. Their Lys content was 
shown to be slightly less than that of the WT plant. 
Apart from lysine, total free amino acid per gram of dry seed powder in different 
lines varied at a large extent. There were two major factors affecting the amino acid 
content in these lines including the expression of transgenes and the environmental 
conditions during seed formation. Factors like water contents in the mature seeds, 
fertility of soil, and weather during harvesting period were hard to control in this study 
as some lines were planted in different places and seasons. As a result, composition 
and physical property of seeds might fluctuate and hence the extraction yield. To 
facilitate comparison and to avoid potential sources of error, I will also consider the 
relative changes of free amino acid in different genotypes (Table 7). 
The relative amount of different amino acids in percentage is shown in Table 7’ 
Figures 26 and 27. In transgenic plants Ri-18, Ri-19, 35R-3, 35R-17, Lys elevation 
was most significant, reaching 25% to 28% of total amino acids by weight, and Lys 
became the most abundant amino acid. There were 8 to 9-fold more of free Lys in 
seeds of these four transgenic plants than that of the control plant (2.4% free Lys). In 
plants GR-14 and GR-46, free Lys levels were 5-fold and 2-fold higher when 
compared with the control plant. In plant GR-19, though harboring the same gene as 
the two GR lines, it showed no relative increase in free Lys. But the free Lys amount of 
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this line actually doubled that measured in control plant (Table 6，Figure 27A). The 
free Lys content of plants 35S-15 and 35S-9 showed slightly relative increases of 60% 
and 17%. For the plants GG-1, GG-17, An-21 and An-24, no relative elevation of free 
Lys was detected. 
Notably, all RNAi-LKR contained transgenic lines (except GR-19) showed a 
much greater increase of free Lys in their seeds than those lines with the E. coli 
feedback-insensitive AK and DHPS alone. 
4.6.2 Changes of other amino acids 
Free Lys overproduction in Ri-18, Ri-19, 35R-3 and 35R-17 was accompanied 
by dramatic reduction in relative concentration of Asp and Glu. Asp making up 
12-18% of the total amino acid content in these four transgenic lines (Table 7 A, B) was 
found 12-45% lower in its relative concentration when compared with the control. But 
in Table 6, the amount of Asp extracted from these lines was actually increased. Lower 
percentage of Asp was due to a great increase in total measurable amino acids. 
Similarly, the relative concentration of Glu also showed 25-45% decreases in these 
four transgenic lines (Table 7 A, B), but its actual amount was more than the wild-type 
control. The changes of relative concentration of Asp and Glu in GR-14 and GR-46 
were not significant although their Lys levels were elevated (Table 7B). The actual 
amounts of Asp and Glu in these two lines were similar to the previous four (Ri-18, 
Ri-19, 35R-3, 35R-17) (Table 6A, B). 
Met and Thr are two important end product amino acids in the aspartate family 
pathway. Levels of both these amino acids in six lines (Ri-18, Ri-19, 35R-3, 35R-17, 
GR-14, GR-16) containing higher free Lys showed insignificant difference compared 
with those plants containing normal free Lys or low level of free Lys boost (WT, An-21, 
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An-24, 35S-15, 35S-9) (Figure 27). Unexpectedly, there were two to three-fold more 
free Thr in GG-17 and GR-19 than that in control plant (Table 6, Figure 28A). 
Seeds-specific expression of AK might help to provide more substrates for Thr 
synthesis and hence its accumulation. But homozygous progenies from these two lines 
were needed to confirm this Thr boost. 
Arg and Ala were another two amino acids that showed noticeable changes. 
Relative concentrations of Arg were nearly triple in Ri-18, GR-19 and 35R-17 (Table 
27B) compared with control and other transgenic lines that lacked the KHAi-LKR. At 
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‘ # c^  V V V / / V V V V W V � Figure 27. Free Lys content in mature rice seeds The graphs show data from Tables 6A, 6B, 7A & 7B. The absolute amount of Lys was 
calculated in mg/g dry seed powder. Relative concentration is showed in mole % of 
Lys in total measurable amino acids. Values represent means of three repeats from 
seeds of a single plant. For GR-14 and GR-46, no repeat could be done since only ten 
seeds from each line were available for one measurement. 
(See Table 5 for the details of six genotypes of GQ 35S, An, Ri, GR and 35R.) 
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Figure 28. Free Thr, Met, Asp and Glu contents in mature rice seeds 
The graphs show data from Tables 6A，6B, 7A & 7B. The absolute amount of each 
amino acid was calculated in mg/g dry seed powder. Relative concentration is shown 
in mole % of each amino acid in total measurable amino acids. For GR-14 and GR-46, 
no repeat could be done since only ten seeds from each line were available for one 
measurement. 
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Chapter 5. Discussion 
5.1 Rice transformation and transgene expression 
This study is the first attempt to express the bacterial feedback-insensitive AK 
and DHPS in rice to manipulate the rate of Lys synthesis. It is also the first report using 
antisense technology to achieve elevation of Lys in rice. The E. coli AK and DHPS 
genes as well as the antisense genes (antisense-LO / RNAi-Li^) were stably 
transmitted to T1 and T2 generations in all the lines according to northern blot, 
western blot and PGR analyses. Southern blot analysis of DNA from leaves of primary 
regenerants indicated that in GQ 35S, An and Ri lines, one to five copies of transgenes 
were inserted in rice genome. However, in plant 35S-13, with the highest copy number 
of AK and DHPS genes, led to gene silencing effect. For the rest of the two transgenic 
lines (GR and 35R), multiple insertions were rare as the fragment size of the 
transgenes were quite large (Figure 19). 
AK was driven by a seed-specific GluB-1 promoter or a constitutive 35S 
promoter in the chimeric gene constructs. From the results of northern blot, GluB-1 
promoter was more effective than 35S promoter in expressing the AK gene. The data 
were consistent with that of Liu's previously studies (2002). He showed that rice 
storage protein promoters GluB-1 and Gtl, when linked to GUS gene, produced a 
stronger signals than 35S promoter did. Besides, 35S promoter was identified as a 
weak promoter in grasses in some other studies (Schledzawaki and Mendel 1994). For 
transgenic DHPS expression using Gtl or 35S promoters, the results were quite 
different from that of AK because there seemed no obvious difference in DHPS 
transcript levels between GG lines and 35S lines. The results indicate that Gtl may not 
be a very strong promoter in rice endosperm. In the previous studies of the 
transcription rate of glutelin genes, researchers showed that the run-on transcriptional 
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rate of glutelin A-2 gene (driven by Gtl promoter) is about one quarter of that 
observed in glutelin A-3 gene (driven by Gt3 promoter) even though the steady state 
levels of A-2 and A-3 transcripts are about equal, indicating that glutelin mRNA 
concentrations are controlled at both transcriptional and post-transcriptional levels 
(Takaiwa et al.’ 1999). It is possible that the usually high level of transcript driven by 
Gtl promoter might be altered (lower) when it directs the production of mRNA of 
DHPS. 
Western detection of DHPS failed in some of the plants (GG-6,35S-13, GR-64). 
As the enzyme may be expressed in relatively low amount, procedures including 
isoelectric precipitation, freeze-drying to concentrate the proteins could be carried out 
to improve the results. Besides, the self-raised anti-DHPS serum could be purified and 
concentrated by columns to enhance the detection signals. 
5.2 Co-expression o f £ . coli feedback-insensitive AK and DHPS 
Co-expression of feedback-insensitive enzymes AK and DHPS to elevate free 
Lys were successfully applied in seeds of soybean, canola, maize and Arabidopsis (see 
Table 3). However, in this study, no increases in free Lys were observed when the two 
genes were expressed synchronously in a seed-specific manner (plants GG-1 and 
GG-17). Minor increases (60%) in relative concentration were detected when AK and 
DHPS were driven by 35S promoter (plants 35S-15, 35S-9). These results were 
comparable to transgenic expression of feedback-insensitive mdiviQ-dhps in rice (Lee 
et al.，2001) and bacterial DHPS in barley (Brinch-Pedersen et al” 1996). 
Seed-specific expression of the maize-dhps did not change the free Lys in the mature 
seeds of rice but constitutive expression gave 2.5 to 5-fold increases in the seeds. In 
transgenic barley seeds, Lys amount was limited to twice as much as the control seeds. 
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The insignificant change of free Lys accumulation in mature rice seeds is 
presumably due to the increase in LKR activity. Northern blot results (Figure 24) 
showed that LKR gene transcript level in transgenic lines GG and 35S was higher than 
in WT control. Evidences of induced LKR/SDH activities that prevent accumulation 
of free Lys in different transgenic plants were provided in several previous studies 
including tobacco (Karchi et al” 1994), canola and soybeans (Falco et al” 1995) maize 
(Mazur et al.，1999; Falco, 2001) and Arabidopsis (Zhu et al., 2001). Constitutive 
expression of AK and DHPS, overcoming the negative effect of LKR on Lys 
accumulation in this study may indicate that translocation of free Lys from other 
tissues to rice seeds may be a very important factor controlling the Lys level. Since 
35S promoter is a weak grass promoter, more drastic boost of free Lys may be 
expected if a stronger constitutive promoter is used instead. 
5.3 Enhancing free Lys through down-regulation of LKR 
The LKR/SDH enzymes activities have been found in rice seeds (Gaziola et al” 
1997 and 2000) and were implied to prevent Lys accumulation in wild-type and 
transgenic rice (Lee et al” 2001). In this study, antisense-LO and R N A i - I O were 
employed to down-regulate the Lys catabolic pathway in rice. The degree of gene 
silencing in the plants with ^Ai -LKR construct was much greater than that obtained 
with antisense-Z^. The amounts of both LKR transcript and protein were drastically 
decreased in all the lines harboring the KNAi-LKR gene (Figures 23C and 25C). 
Nevertheless, LKR gene silencing in An plants (An-21, An-24, An-32) was not 
observable by northern and western analyses (Figures 23C and 25C). The results 
extend the findings of Wesley et al. (2001) and Levin et al. (2000)，which that suggest 
RNAi construct design is more reliable than the antisense one in down-regulation of 
endogenous plant gene expression. 
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The present studies showed that free Lys could be increased up to 19 folds in 
absolute amount or 9 folds in relative amount by solely blocking the LKR/SDH 
activities solely during rice seed development (plants Ri-18 and Ri-19). These results 
revealed that LKR activity directly affect Lys accumulation in rice. The degree of Lys 
elevation in our study was comparable to that in the maize LKR/SDH knockout mutant 
(Falco, 2001), suggesting that cereal crops may generally produce significant amount 
of free Lys but its accumulation cannot be achieved due to the active Lys catabolic 
pathway. 
5.4 Co-expression of AK and DHPS together with 
down-regulation of LKR 
Free Lys accumulation is controlled by rate of its synthesis and degradation. 
Enhancing rate of Lys synthesis in transgenic plants might triggered higher rate of Lys 
degradation that diminished the increase of free Lys (Karchi et al” 1994; Falco et al” 
1995; Mazur et al,’ 1999). Therefore, manipulation of both pathways simultaneously 
to achieve Lys accumulation would be a more promising strategy (Galili, 2002a). 
Successful cases have been reported in maize (Falco, 2001) and Arabidopsis (Zhu and 
Galili, 2003). Down-regulation of Lys catabolic pathway in these two different plant 
species was achieved by insertion mutagenesis using T-DNA. Afterwards, bacterial 
feedback insensitive DHPS was expressed in these maize and Arabidopsis mutants. 
Synergistic effect of the combined strategies was observed in both maize and 
Arabidopsis in which free Lys were boosted up to 60-fold and 80-fold higher, 
respectively, than their corresponding wild-type control. 
In the present report, the E.coli AK and DHPS were expressed seed-specifically 
and constitutively together with an effective LKR/SDH down-regulation system 
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RNAi-Z,^. However, the synergistic effect was not so great as that in maize and 
Arabidopsis. The best results were found in plants 35R-3 and 35R-17 and their 
absolute free Lys amount were around 25-fold higher than that of the WT and about 
35% higher than that ofRi-18 and Ri-19 (Table 6). Since the feedback- insensitive AK 
and DHPS imposed less effect than RNAi-ZJO? on free Lys, the results might imply 
that the control of free Lys synthesis in rice is quite relaxing and Lys catabolism is 
dominant in limiting the free Lys accumulation. 
Free Lys enhancement in GR lines was significant but the levels were less than 
expected as the free Lys amounts were much lower than those harboring RNAi-LO 
(Figure 27). The results were probably due to the unfavorable conditions, including 
low temperature and virus infection during seed formation, which might lower the 
overall protein quality of the mature seeds. In fact, GR lines were planted and 
harvested several months later than the other lines. Since the LKR/SDH activities were 
nearly undetectable in all the lines, another possible reason might be that some of the 
free Lys was incorporated into the protein-bound form and could not be measured. 
5.5 Free amino acid changes in different genotypes 
Free Lys enhancement was observed in six independent lines, substantially in 
plants Ri-18, Ri-19, 35R-3, 35R-17 and moderately in GR-14, GR-46. The results in 
the former four lines indicate that free Lys content will reach saturation when its 
relative concentration is around 28%. Further elevation will accompanied by the 
increase of other free amino acids to keep the balance of the free amino acid pool. The 
total free amino acid content in these four lines was about 0.8 mg to 1.3 mg per gram of 
dry seed powder when the free Lys was not added in, and these values were 
significantly higher compared to WT (0.6 mg). For the absolute amount of free Lys 
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content (Figure 27A)，constitutive expression of AK and DHPS together with 
down-regulation of LKR/SDH activities gave the best results in Lys elevations. 
The results from GR lines and 35R lines also indicate that in the presence of AK 
and DHPS, free amino acid uptake by developing rice seeds was not limited and there 
was an increase in flux through the aspartate pathway, leading to free Glu and Asp 
accumulation. This may also influence the formation of the glutamate-derived amino 
acids arginine that showed up to 3-fold increase in Ri-18，GR-19, 35R-3 and 35R-17. 
Similar results also revealed in transgenic barley with bacterial AK and DHPS 
(Brinch-Pedersen et al., 1996). Besides, higher free Thr in GG-17 and GR-19 may 
suggest that transgenic AK activity exceeds the DHPS activity and the pathway is 
shifted to produce more free Thr. 
The present results of free amino acid analysis should be regarded as tentative 
since the transgenic seeds were not homozygous. Moreover, free amino acids are 
generally present at a very low level in rice and this causes difficulties in achieving 
high accuracy of measurement (problem including shift of baseline, high 
noise-to-signal ratio). More reliable data could be obtained when enough homozygous 
seeds are available. Adding internal control and doing biological repeats would also 
help to further confirm the changes of amino aicd profile in the transgenic lines. 
5.6 Future perspectives 
The present study demonstrates some promising and more effective approaches 
for breeding of rice with a higher free Lys levels. Further investigation, however, is 
needed to realize the potential of these approaches to produce high-Lys rice that can 
attain the requirements of WHO. 
First, the changes in free Lys level were found to accompany with alternation in 
total free amino acid pool in some of the transgenic mature seeds. This may have 
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affected the protein synthesis in the seeds as the availability of different amino acids 
has been changed. Thus, total amount (free and protein-bounded) of each amino acid 
and protein profile in homozygous transgenic plants will need to be determined in 
order to assess the effectiveness of the transgenes on improving the essential amino 
acids and protein quality of rice. Proteomic study will be a useful tool to investigate 
the protein composition of the transgenic rice. Variations of the storage proteins and 
enzyme activities especially those belong to aspartate family pathway in the transgenic 
progeny can be revealed. Likewise, other genomic analyses like DNA microarray and 
metabolomics may add valuable data towards the understanding of Lys accumulation 
in rice seeds. 
As high level of free Lys is toxic to plants (Shaul and Galili, 1992a, 1993; 
Ben-Tzvi Tzchori et al” 1996; Zhu and Galili, 2003), free Lys increase in seeds may 
confer adverse agronomic traits to plants. Careful evaluation on seed germination, pest 
susceptibility and yield is necessary. Besides, safety assessment of genetically 
modified food, proposed by OECD (Organization fro Economic Cooperation and 
Development) in 2001 can be employed to analyze the transgenic rice for any 
unintended safety problems caused by the inserted traits. 
Finally, since free Lys only account for a very minor portion of total seed Lys 
and most Lys is trapped in storage protein, incorporating extra free Lys into 
protein-bounded form is an ultimate goal for improving nutritional value in rice seeds 
(Lam et al., 2006). The gene encoding winged bean Lys-rich protein (LRP) has been 
cloned and expressed in rice (Liu, 2002), but it is questionable whether the normal 
level of free Lys in developing seeds is sufficient for the production of heterologous 
Lys-rich protein. Crossing free Lys enhanced rice with the LRP rice may bring further 
increases, of total Lys content in these transgenic lines. 
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Chapter 6. Conclusion 
This study attempts to enhance the free Lys accumulation in mature rice seeds 
by manipulation of the Lys biosynthetic and catabolic pathways. The mutated E. coli 
lysC gene and the wild-type E. coli dapA gene encoding the Lys feedback-insensitive 
AK and DHPS enzymes, respectively, were co-expressed seed-specifically or 
constitutively to increase the rate of Lys synthesis in japonica rice 9983. Moreover, 
mXiSQXiSQ-LKR and RNAi-LKR were used to down-regulate the rate of Lys catabolism 
in developing seeds. The concerted effect of expressing AK, DHPS and LKR was also 
investigated. 
The lysC, dap A, antisense-LO and RNAi-LKR genes were inserted into rice 
genofne and stably transmitted to next generations. AK and DHPS, driven by 
seed-specific or constitutive promoters were successfully expressed in immature rice 
seeds. The expression of RNAi-LKR’ but not the antisense-LO, effectively 
down-regulated the transcriptional and translational expressions of endogenous rice 
LKR/SDH. 
Comparison of the efficacy of the six constructs (Figure 19) on boosting the Lys 
accumulation showed that: (1) constitutive expression of AK and DHPS resulted in 
higher free Lys accumulation (-70%) than seed-specific expression of the two 
enzymes (no increase); (2) significant down-regulation of the LKR/SDH gene 
expression in plants harboring the RNAi-LAT? construct was accompanied with 
increased accumulation of free Lys up to 20-fold; (3) concerted effect of AK, DHPS 
and RNAi-LO led to drastic increase in free Lys by up to 26-fold (absolute amount in 
plants 35R-3) when AK and DHPS were driven by the 35S promoters; and (4) 
comparing the results of the transgenic plants, the construct pSB2250 
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(35S:AK/35S:DHPS/Gtl:RNAi-iJO?) conferred the best results for free Lys 
accumulation and enhancement. 
Since free Lys could be significantly boosted when LKR/SDH activities were 
down-regulated by RNAi-LAT?, and co-expression of AK and DHPS together with the 
KNAi-LKR showed that further free Lys enhancement was not as obvious as that found 
in maize (Falco, 2001) and Arabidopsis (Zhu and Galili, 2003). These findings imply 
that free Lys accumulation is mainly controlled by the rate of Lys catabolism in the 
transgenic rice. 
Elevation of free Lys is one of the approaches to improve the nutritional quality 
of rice. It is hoped that the results obtained in this study will contribute positively to the 
aim of breeding high protein quality rice in the near future. 
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